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Page  778,  line  2  from  foot,  for  "parallel"  read  "perpen- 
dicular.'' 


CHAPTER  VII 
pALyAIfOSfETSr  AXD  MEASUEEUEXT  OF  CURRENTS 
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i;  takci 


!  currents  flowing  la  a  given  circuit  a 

15  above)  as  proportional  to  the  intensities  of  tliem 

c  fields  they  produce,  aud  unit  current  is  defioed 

igly,  the  fundamental  determinations  of  currents 

1  absolute    units   must  be  made   by   some   form   of 

sodard  galvanometer,  or  standard  electrodynaniometer. 

e  fonuer  is  au  instrument  which  exerts  on  a  magnetic 

idle  in  any  given  position  a  couple  which  can  be 

loulftted  with  sufficient  accuracy  from  the  dimensions 

i  arrangement  of  the  coil-system,  and  the  (approx- 

aiely)  known  distribution  of  magnetism  in  the  needle. 

^  absolute    measurements   of  currents   by   such  an 

fctrumenl  it  is  necessary  to  know  also  the  intensity,  at 

B  needle,  of  the  magnetic  field  which  exists  indepen- 

•Oliy  of  the  current  in  the  coil;  since  that  with  the 

eU  produced  by  the  current  gives  the  resultant-field 

*  which  the  needle  rests  in  eriuilibrium  if  subject  only 

^    *  magnetic  action,  or  the  magnetic  couple  system  on 

^••6  needle  if  besides  magnetic  forces,  others  (such   as 

*^Mi8tic  forces)  are  effective  in  producing  equilibrium. 

A  standard  electrodynamometer  is  simply  a  standard 

•Ivanometer  with  the  nt-edle   rc-placod  by  a  movable 
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Gulvnnn- 


GALVA.NOMETERS 

coil,  or  coil-system,  of  such  form  and  anangeiuent, 
BO  suspenJed  as  to  enable  the  sj-atem  of  couples  actii 
upoD  it  to  be  calculateii  f^r  any  position,  or  for  a  certaifl 
zero   position,    to   wbich   tbe   movable    coil-system 
brought  back  by  a  proper  displacement  or  distortion  at 
the  suspension  or  otherwise,     In  this  case  equiiibri' 
ia   generally  produced   by  means   of  a   force   due 
elasticity    or   to    gravity,    which    can    be    accurately! 
determined. 

The  calculation  of  tbe  magnetic  forces  has  been! 
given  in  Section  I.  of  tbe  last  chapter  for  the  moaj^ 
important  arrangements  of  coib.  We  have  only  1 
consider  the  general  construction  and  action  of  sue 
■nstruraents,  the  modes  of  suspension  adopted  for  tl 
needle  or  coil,  the  calculation  or  determination  of  tl 
other  than  magnetic  forces  acting  on  the  suspenilc 
system,  and  the  practical  operations  of  setting  up  ai 
using  the  instruments. 

Dealing  first  with  absolute  galvanometers,  we  notii 
first  that  according  to  the  moiie  in  which  they  are  uat 
they  are  classed  as  tangent  galviinomdcrs  or  sinegalvm 
ometers.  In  the  former  the  arrangement  is  such  tlu 
the  current  flowing  through  the  coils  is  (exactly  i 
approximately)  proportional  to  the  tangent  of  ^ 
deflection  of  the  needle  from  the  undisturbed  < 
initial  position,  in  the  latter  the  current  is  proportioni 
to  the  sine  of  the  deflection.  We  shall  consider  fit) 
the  construction  of  galvanometers, 
n  As  stated  above,  the  standard  galvanometer  should  I 
of  such  a  form  that  the  values  of  its  indications  can  \ 
easily  calculated  from   the  dimensions  and  number  a 
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turns  of  wire  in  the  coil.  Such  a  gaivauometer  can  be 
made  by  any  experimenter  who  can  turn,  or  can  get 
turned,  witb  accuracy  a  wooden  or  brass  ring  witb  a 
rectangular  groove  round  its  outer  edge  to  receive  tbe 
wire.  It  is  indeed  to  be  preferred  that  the  experi- 
menter should  at  least  perform  tbe  winding  of  the  coil 
and  the  atijustments  of  the  needle.  Sec.  himself,  to  make 
sure  that  errors  in  counting  the  namber  of  turns,  or  in 
placing  the  needle  at  the  centre  of  the  coil  are  not 
made.  If  there  are  to  be  several  layers  of  wire,  the 
breadth  and  depth  of  this  groove  ought  to  be  small  in 
comparison  with  its  radius,  and  each  should  be  not 
greater  than  ^  of  the  mean  radius  of  the  coil,  which 
should  be  at  least  13  cms. 

The  gauge  of  the  wire  witli  which  the  coil  ia  to  be  wound  Wireuset 
must  depend  o£  course  on  the  purposea  to  which  the  inalrnment    'or  Coil. 
i>  to  bo  applied,  but  it  should  be  good  well -insulated  copper 
wiro  of  hign  conductivity,  and  not  so  thin  ne  to  run  any  tiik  of 
bring  injured  by  the  strongest  currents  likely  to  be  sent  through 
'     ihe  iDstrument     For  the  esnct  graduniioD  of  current  fib  wpU  its  I 

I  of  potentinl  inatrumentB,  it  is  convenient  to  make  it  have  two 
I  ooifa  —one  of  coiupantively  high,  the  other  of  low  resistance. 
liie  Utter  mny  in  aome  cattea  in  which  great  accuracy  ia  not 
reqaired  be  a  aimple  hoop  of  soy  15  cms.  radius,  made  of 
copper  strip  1  cm.  broad  and  1  mm.  thick.  As  liowever  the 
distribiitiou  of  the  current  in  a  mnsBive  conductor  ia  uncertain 
in  coniKiiuence  of  want  of  homogeneity  in  the  material,  and  it 
i*  besides  difficult  to  allow  exactly  for  any  irregularity  thatmuy 
exist  where  the  ends  are  led  out,  and  further,  aa  it  is  diflicult  to 
make  nuch  a  hoop  of  perfectly  accurate  ahape,  it  is  impossible 
to  determine  by  calculation  the  exact  constaut  of  atich  a  con- 
ductor, it  is  bettor  to  use  instead  several  turns  of  thick  wire. 
Eacb  spite  of  the  coil  may  then  be  regarded,  as  explained  above, 
Ha ciicnlnr conductor  coinciding  with  its  circular  axis. 

To  form  electrodes  to  which  wires  can  be  attached  the  ends  ^lectrodei 
f  tbe  copper  atrip  or  thick  wire  are  brouglit  out  side  by  side  in 
"      !  of  the  nng  with  sheet  vnlcanile  or  paper  between  for 
.  InHutated  wirea  are  soldered  to  the  ends  of  the  circle 
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tt]ge<l,  ami  are  twiated  together  for  u  BUiGcient  distaocs 
to  prevent  nay  direct  effect  on  the  needle  from  being  produced 
by  n  current  flowing  in  tliem. 
FiiuliDj;  In  constructiag  tlie  line-wire  coil  the  operator  shouM  first 
poil.  subject  the  wire  to  b,  moderato  atreiebing  force,  and  then  core* 
fully  measure  it»  electrical  reeiBtance  und  its  length.  He  should 
then  wind  it  on  a  moderately  Inrge  bobbin  and  again  n 
its  reBiBtaiice.  If  the  second  raensurement  differs  materially 
from  the  first,  the  wire  is  faulty  and  should  be  carefully  ex- 
amined. If  no  evident  fault  enn  be  found,  on  the  removal  nf 
which  the  diBcrepance  disappenre,  the  wire  niuat  be  laid  aside 
and  another  substituted.  When  the  two  meaBuremccis  ars 
found  to  agree  the  wire  may  then  be  wouiid  on  tj 
this  purpose  the  ring  may  either  he  turned  elowly  round  in  ■ 
lathe  or  on  a  spindle,  bo  us  to  draw  ofE  the  wire  from  thft 
bobbin  also  mounted  so  as  to  be  free  to  turn  round.  The  wire 
must  be  laid  on  evenly  in  layers  in  tlie  groove  (which  may  I 
done  with  the  utmost  uniformity  with  a  self-feeding  lathe)  a 
the  winding  ended  with  the  completion  of  a  layer.  Great  care 
must  be  taben  to  count  accurately  the  niimher  of  turns  laid  on. 
Error  in  counting  may  be  avoided  by  following  the  plan  usedby 
Maxwell  of  winding  a  single  layer  of  thin  cord  on  a  \iMg 
wooden  cylinder  rigidly  attsolied  to  the  bobbin  and  therefrnv 
turning  with  it.  A  pin  driven  into  the  cylinder  serves  to  indir 
cate  the  end  of  one  layer  and  the  beginning  of  the  next.  A£t«t 
winding  the  resistance  should  be  again  measured,  and  if  ii 
agrees  nearly  with  the  fornier  nieoBurements  the  coi!  may  be 


wir« 


relied  o 


oantiufi      The  dug  carrying  the  coil  thus  made  should  then  be  fixed  t 
if  Coil,     n  convenient  stand  in  such  n  manner  that  if  necessary  it  can  b 

I  easily  removed.     The  stand  ought  lo  he  fitted   with  levellint^, 

screws,  BO  that  the  plane  of  the  coil  may  be  made  accurately 
vertical.  A  shallow  horizontal  box  with  a  glass  cover  toa 
mirror  bottom  may  be  carried  by  tlie  stand  near  the  level  of  ita 
centre,  and  within  this  the  needle  and  attuched  mirror  or  indeC 
suspended.  Or,  what  is  more  convenient  in  many  cases,  a  plat-- 
form  should  he  arranged  below  the  level  of  the  centre  a  snfficienC' 
distance  to  allow  the  magnetometer  (such  as  erne  of  those 
described  in  chapter  II.  above)  to  be  placed  with  the  centre  of 
its  needle  at  the  level  of  the  centre  of  the  coil. 
Needle  "^^^  needle  should  be  a  single  small  magnet  about  a  centi- 
jid  Sua.  metre  long,  hun^  hy  a  single  fibre  (half  a  cocoon  thread)  of 
unapun  washed  silk,  at  least  10  cms.  long,  or,  better,  hy  a  fina 
quartz  thrend  from  the  top  of  (i  tube  fixed  to  the  cover  of  titt 
slmllow  box,  or  from  tlje  suspension  head  of  the  magnetometer^ 
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_  that  is  UBed,  eo  thnt  the  centre  of  tlie  needle  when  the  coil  is 
wtical  is  exaotlv  the  centre  of  the  coil.    To  allow  of  the  eiaot 

itinent  of  the  height  of  the  needle,  the  fibre  should  be 
itUched  to  the  loner  end  of  n  sinnll  screw  »ipiDiile,  made  so  ns 
be  raieed  or  lowered,  without  being  turoed  round,  by  a  nut 
working  round  it  above  the  cap  of  the  tube. 

If  the  inatniment  is  to  be  used  with  BC«le  and  pointer  (or,  as 
is  desirable  in  Boiae  ciises,  is  to  be  furnished  with  Bcale  and 
pointer  as  well  iis  mirror),  the  pointer  may  be  mode  by  drawing 
out  a  bit  of  thin  glnsa  tube  at  the  blowpipe  into  a  thread,  aa 
thick  as  to  remain  nearly  straight  under  its  own  weight  when 
Buspendeid  by  its  centre.  In  order  that  the  zero  position  of  the 
pointer  may  not  be  under  the  coil,  the  pointer  ought  to  be  fixed 
borixoDtally  with  its  length  at  right  angles  to  the  needle,  so  ub 
10  project  to  nn  equal  distance  on  both  sides  of  it.  To  test  that 
""'"    adjuGtraent   is   properly   made,   draw   a   couple   of    lines 

ratflly  at  right  angles  to  one  another  ou  a  sheet  of  paper. 

,    suspend   a   long  thin   straight  magnet  over  the  paper, 

bring  one  of  the  lines  into  accurate  pnralleliem  with  it. 
Remove  then  the  magnet  and  put  in  its  place  the  httle  needle 
und  attached  index.  If  the  index  is  pumllcl  to  the  other  line 
th^  adjustment  has  been  correctly  made.  The  needle  may  then 
lid  suspended  in  position,  and  the  box  within  which  it  hangs 
dosed  to  prevent  disturbance  from  currenta  of  air. 

A  circular  scale  gradusted  to  degrees,  wilh  its  centre  just 
below  tlie  centre  of  the  coil,  and  its  plane  horizontal  is  placed 
with  its  zero  point  on  a  line  drawn  on  the  mirror-bottom  of  the 
hox  at  right  angles  to  tlie  plane  of  the  coil,  so  that  when  the 
needle  and  coil  are  in  the  magnetic  meridian  the  index  may  point 
to  zero.  The  accuracy  of  tlie  adjustment  of  the  zero  point  is 
to  b«  tested,  as  explained  below,  by  finding  whether  the  same 
ifrentrevcreedprodncesequaldeflectionaon  tlie  twosides  of  zero. 
To  teet  whether  the  centre  of  this  divided  circle  is  accurately  AdjM* 
the  centre  of  the  needle,  supposed  at  the  centre  of  the  nient  9 
i^,  drftW  from  the  point  immediately  under  the  centre  of  the  Scal*^ 
NMdle  two  radial  lines  on  the  mirror- bottom,  one  on  each  side 
of  the  zero  point  and  46°  from  it,  thus  including  between  thetn 
ID  uigle  o£  90°,  and  turn  the  needle  round  without  ginng  it  any 
motion  of  translation.  If  the  index  lies  along  these  two  radial 
lines  wlmn  its  point  is  at  the  corresponding  division  on  the 
i-ircle  the  adjustment  is  correct  Of  course  a  fairly  accurate 
linrt  adjustment  is  previously  mode  by  placing  the  circle  so  that 
the  two  points  each  distant  45°  from  the  zero  lie  on  these 

rl»ight  lines. 
Error  from  inaccurate  centering  can   be  uhnost  completely 
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9  the  circle  s 


Single 
fialrnno- 


oliniinated  by  innking  the  poi 
reading  bolli  ends  of  it 
When  takiDg  readings  ihe  observer  places  bia  eye  so  as  to 

'  tlie  iodax  just  ttover  tlie  image  in  iLe  mirror-bottom  of  tbe  I 
and  rends  off  the  number  of  divigions  and  fractionB  of  a  d 

'«on,  indicated  on  the  scale  hy  the  position  of  the  index.     ErM 
from  parnlUx  is  thus  avoided. 

I  A  mirror  rigidly  attnched  to  the  needle  may  be  used  a 
magnetometer,  instead  of  [he  ne«dle  and  index,  and  observed  b, 
meuna  of  a  teieBcope  with  attached  scale,  or,  in  the  manner  i 
ui  ordinary  testing  galvanometer,  by  means  of  a  beam  of  Itgl 
thrown  by  a  lamp  on  the  mirror  and  reflected  to  a  scale.*  Vol 
eonveniontly  •  long  fibre  magnetometer  carried  on  a  plntfoiu 
flx»d  within  the  bobbin  may  be  used  for  the  needle  and  nttacbo 
mirror.  A  hole,  slot,  and  plane  arrangement  on  the  platform  fi 
the  aHjuistt-d  position  will  enable  the  mag^netometer  to  be  tab 
twny  and  repliwed  at  pleasure.  The  adjustments  of  scale,  &a 
are  the  same  as  those  deacribed  in  chapter  II.  above. 

When   a    mirror    is   employed    the    coil    is   parallel  to  th 
undisturbed  position   of   the   needle   (the   mngnetio   meridj' 
when  as  usual  the  earth's  fleld  only  is  employed  to  give 
returu  couple  on  tlie  needle)  when  equal  deflections  on  the  t 
lidei   of  zero  are  prodLiced   by    reversing   any   current.      '    . 
aonles  used  should,  if  of  paper,  always  be  carefully  glued  to  . 
wooden  piece  instead  of  being,  as  they  frequently  are,  fixed  wit 
druwing-pina.  Preferably  however  they  should  be  ruled  on  glMj 
by  any  one  of  the  simple  methods  now  available  for  copyiDg  M 
aoourately  engraved  Bt:>ndard. 

It  is  to  be  noticed  that  a  mirror  and  straight  scale  plaoed  ■ 
right  angles  to  the  undeflected  position  of  the  ray,  and  used  I 
the  ordinary  way,  give  roadiogrs  proportional  to  the  tangents  a 
double  the  angles  of  deflection. 

time  ago  had  constructed  a  standard  galvl 
3m9  to  possess  several  advantages  over  til 
t  consists  of  a  cylindrical  bobbin,  about  S 
and  25  cms.  in  length,  wound  with  a  Binri 
The  needle  (I  cm.  long)  is  suspended  at  m 
centre  of  the  bobbin,  and  the  magnetic  field  produced  by.: 
current  flowing  in  the  wire  is  in  this  arrangement  practios" 
invariable  over  a  distance  in  any  direction  at  the  centre  Cl 
siderably  exceeding  the  length  of  the  needle.  Very  nccur&i 
placing  of  the  needle  is  thus  not  necessary,  as  a  displacement  e 
HO  much  as  half  its  length  from  the   central  position  (an 
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ordinory  fonn. 
cms.  in  diamete 
layer  of  fine  ■* 
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I  idjiiBtment  which  ie  praclically  iraposaible  with  the  Hlightoet 
■  ''t)  ptoducea  a  quite  imperceptible  effect  on  the  dedectlon 
Willi  soy  given  current. 

The  diatribution  of  the  wire,  since  tliere  is  only  one  Inyer,  i» 
kiiiurn  with  perfect  certainty,  and  lieiice  the  constiint  of  the 
inslfument  can  be  calculated  with  great  exactness.  At  eacli 
tn!  of  the  bobbin  is  wound  one  of  two  equal  coils  of  small 
,  tiuuvene  dimensions  in  compHrison  witli  their  radii.  These 
I  tie  of  thick  copper  wire  arranged  so  aa  to  form  a  Ueluholtx 
iliiublc-coii  galvanometer  of  the  kind  described  above  (p.  264), 
iviilible  foi  strung  currents. 

yflwu   the   instrument   was  being  designed  it  was  thought 

iL'sinible  to  Imve  the  bobbin  made  of  some  materia)  which 

idulil  not  contain  magnetic  aubhtances,  in  aufficient  quantity  to 

''Std  tlie  accuracy  of  measurements  of  currents  flowing  in  the 

I    'Ire,  The  fear  then  felt  by  tlie  author  that  the  bobbins  of  brnas 

,    otdiiitrily   employed   for  standard  galvanometers  might  very 

I    prolubly  coDtab  iron,  in  sufficient  quantity  to  cause  disturbance 

llitongh  iU  induced  magnetisation,  has  since  been  found   by 

f'fut  T.  Gray  to  be,  in  part  at  least,  justified.     The  measure- 

"i^iit  of  currents  made  by  a  new  standard  galvanometer  were 

'jiiud  by  him  to  be  eu  much  disturbed  by  the  effect  of  magnetic 

-iilislances  contained  in  the  walls  nf  a  brass  box  surrounding  the 

■■*''dle  as  to  he  practically  useless. 

It  wna  resolved  therefore  to  construct  a  bobbin  of  wood  in  Built  n 
iiirii  ft  munner  as  to  avoid  risk  of  serious  alteration  of  figure  by  Gobbio. 
"irping,  or  of  dimensions  through  variation  in  the  amount  of  Wood, 
anwliln;  contained  in  the  wood.  A  large  number  of  pieces  of 
auhaginy  were  cut  from  a  dry  well'Seasoned  board  about  ^  inch 
"iek.  Bach  piece  was  about  4  cms.  broad,  20  cms.  in  length, 
i  wju  cut  so  as  to  fonn  a  segment  of  a  ring  the  outside 
meter  of  which  was  about  50  cms.  and  the  inner  diaroete- 
*bont  8  cms.  less.  Four  of  these  cut  so  that  the  grain  of  tin 
*<>Dil  tan  in  different  directions  in  adjoining  pieces  and  placed 
(id  to  uud  gave  a  complete  circular  ring,  or  rather  cylinder,  ^ 
incli  in  length.  Above  that  was  placed  n  similar  ring  will)  the 
IMin  o£  the  wood  in  the  pieces  crossing  that  in  the  pieces 
Sllow,  and  the  pieces  tbemselves  overlapping  the  end  joints  in 
IkptvoediDg  nng.  Above  that  was  placed  another  ring,  and 
">  00  until  the  whole  bobbin,  rnther  Eoore  than  25  cms.  in  length, 
liuilh»eo  built  up.  The  cylinder  thus  roughly  formed  waa  then 
iiirntd  varefully  down  to  cylindrical  figure  of  the  size  desired, 
^"'1  u  nearly  truly  circular  as  possible,  and  the  pores  all  over 
lW  lurfuce,  inside  and  outride,  filled  with  spirit  varnish  to 
DfoTeatlhe  absorption  of  moisture, 
•■■Sou  IL  A   A 
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[A  bobbin  thua  built  up  of  pieces  of  wood  will  probabl;  \ 
take  or  beep  so  true  a  ti^ure  oh  one  made  of  inetnl,  but  thereoi 
be  no  lioubt  of  its  great  auperiority  over  the  ordinary  bobbin  c 
wood,  made  out  of  one  piece.  For  all  except  purposea  fc 
wtiicb  the  highest  accuracy  h  reijuired,  it  may  be  relied  on  t 
give  correct  results.  If  a  metnl  bobbin  in  preferred  tlie  mateii . 
ought  to  be  carefully  tested  in  a  magnetic  field,  and  rejected 
appreciable  induced  magnetization  is  detected.] 

Two  edges  of  wood,  projecting  slightly  beyond  the  outsid 
cylindrical  eurfnre,  were  fixed  ut  the  ends  to  keep  the  wire  In  ii 
place.  The  coil  was  then  carefully  wound,  the  turns  countet 
and  the  wire  covered  with  "  American  cloth  "  to  preserve  it  froi. 
injury.  The  two  ends  of  the  thin  wire  coil  were  brought  ou 
together  at  one  end  of  the  coil  for  connection  to  two  eleclrodei 
closely  twisted  together  and  several  yards  in  length,  by  wliici 
the  instrument  could  be  joined  to  any  circuit  in  which  it  mighl 
be  required.  That  end  of  tite  wire  which  had  to  be  carried  froni 
the  further  extremity  of  the  coil  was  (auppoBiug  the  coll  set  op 
in  position)  brought  along  horizontally  in  a  vertical  plme 
through  the  axis  of  the  coil  until  it  met  the  other  extremity  at 
the  termination  of  the  last  apire  of  the  coil.  The  current  in  this 
part  of  the  wire  of  course  just  compensates  hy  its  effect  on  tlie 
needle  that  of  the  component  of  current  in  each  element  of  tbc 
spires  in  the  direction  of  the  axis. 

The  couple  given  by  (57)  of  last  chapter  is,  if  as  a  first  in<] 
usually  sufficient  approximation  the  first  term  of  the  expresaiot' 
only  is  taken,  2irNyU  cos  fl/(fl'  +  A*)l,  where  ¥  is  the  magnetic 
moment  of  the  needle,  N  the  Ifltal  number  of  tuma  in  the  roi* 
a  the  radius  of  the  coil,  6  its  half  lengtli,  and  d  the  angle  wLicI 
the  needle  makes  with  the  mean  plane  of  the  coil.  The  leliiri 
couple  given  by  the  permanent  magnetic  field  (horizontal  in. 
tensity  H)  is  Mil  sin  fl,  if  the  mean  plane  of  the  coil  and  ll» 
axis  of  the  needle  are  made  to  coincide  when  the  deflection  i 
aero,  by  the  adjustment  explained  below.  Thus  we  bar" 
eijUBting  tbeae  couples 


("' 


-  A)i 


HU 


(1 


For  the  thick  wire  coils  the  deflecting  couple  6  is  given  te 
(24)  of  lost  chapter,  und  for  equilibrium  we  have  6  =  UHa  ' 
If  we  put  e  =  yf»G  cos  fl,  we  get 
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vliera  S  is  the  quantity  ubt&ined  by  dividiii)^  tlie  expression  in 
tieiign  of  (24)  l>y  My.     0  is  snmetimes  called  lliegHlvanoiiieler 

In  a  sine  gaWaiioiQBter  the  coils  are  niaUe  movable  round  a        Sin 
lertioal  uxis  through  the  centre  of  the  needle,   and  vbon  the    GbItb 
needle  is  deBected  the  coila  nre   turned   until  an  equilihriuiii      meta 
psillftn   is   obtained    in  which  the  needle  ami  mean   |jliine  of 
ttie  coils  are  iignin  pariillel.     Thus  cds  6  in  the  ezpr^Bsion  for  B 
jpTen  in  last  chapter  ratiRt  be  put  equal  to  unity.     The  deflpction 
^  of  the  needle  ia  equal  to  the  angle  lii rough  which  the  coils  have 
Uen  turned,  and  is  usually  mensured  by  observing  this  angle  hy 
pUDS  of  a  finely  divided  Hcale  provided  with  verniers  and  read- 
ing mieroBcopes.    For  such  an  instrument  we  have  instead  of  (2) 


//   . 


sin  0 


(3) 


In  th«  values  of  G  for  the  ditferent  type»  of  iUBlruniont  given 
ij  the  various  expresBions  contained  in  Chapter  VI.,  the 
■Belioation  of  the  needle  to  the  plane  of  the  coil  is  of  course 
tobepat  equal  to  zero. 

An  instrument  CJipable  of  being  used  at  pleasure  either  as  a 
tugsnc  or  sine  galvanometer  has  been  designed  by  Professor 
&.  F.  Filzgernld,  and  is  shown  in  Fig.  74.  Its  distinctive 
pMuliariliea  consist  in  an  arrangement  of  coils  which  permits 
llwcoDslBnt  of  the  instrument  to  be  determined  with  the  coils 
isMBition,  and  a  very  ingenious  arrnngement  for  nieEisu ring  the 
Incclions  of  the  needle  and  the  coils  from  the  adjusted  position 
for  na  current. 

The  coils  are  visible  through  a  plate-glass  casing  and  can  ba 
■UMDrMJ  intilu.  The  deflection  of  the  needle  is  ubRerved  in 
Ibl  following  manner  on  the  cylindrical  Hcnle  tiliuwn  in  the 
^nre.  Apuirof  small  totally  rcfiocling  prisms,  with  their  reflect- 
ion lutfaacs  inclined  at  45°  to  the  horizontal,  are  carried  by  the 
•nignet,  and  give  images  of  diametrically  opposite  parts  of 
tdb  Mille,  nnd  show  on  these  images  of  one  and  the  same  line 
wt  nitrk.  These  are  seen  at  the  same  time  in  the  field  of  view 
'>i  »  micfoBCnp«  wbich  receives  the  light  from  the  mirrors, 
niutllie  urrangement  is  equivalent  to,  but  much  more  sensitive 
'iiiD,  a  pointer  playing  round  a  graduated  circle  and  rend  at 
Iwlli  ends  to  eliminate  error  from  inaccuracy  of  centering. 

a  can  be  turned  round  to  follow  the  magnet,  and 
ill  position  observed  on  the  same  cylindrical  scale :  so  thnt  n 
[tt  icale  serves  for  the  use  of  the  instrument  both  as  ii 
■tnt  galvanometer  and  aa  a  sine  galvanometer. 

en  noticed  above  that  the  ordinnrv  method  of  using 
'     A  A  2 
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'h'.  mirror   and    scale   givea   witli   a   straight   scale    properly  jiethod 
«l]a!t»il   the   taogent   of   twice    the    angle   of  defiection.     In     Keodl 
ProfepBur  Fitzgerald'n  iDstrument  besides  the  arrangement  jast  Doflecl 
ilcscribed    for   reading   tlie   deflection    a  mirror    is    provided 
i^ltncbed  at  46°  to  the  axis  of  BUSpeosioD.     A  vertical  ray  of 
li(;hif&lling  upon  this  mirror  is  sent  out  horizontally  through 
'mt  of  the  plate-glasH  sides  of  ttie  case  to  a  horizontal  Ec*le, 
Ai  the  mirror  turns  round  the  plane  of  reflection  turns  with  it, 
DTiil  ihiough  the  same  angle,  ho  that  with  n  atraighl  scale  placed  at 
"^'litMglestotheundiHturbed  position  of  the  rny,  the  readings  on 
ilie  taale  are  proportional  to  the  tangentsof  the  actual  deflections. 

Fig,  76  shows  a  slue  galvanomotor  designed  by  Prof.  T.  '^■^," 
firiv.  A  single  layer  of  wire  is  wound  on  a  tube  of  abnut  °'™ 
1(1  cm",  diameter,  and  at  least  ton  iliBmotors  in  length.     If  the    ''     ,' 


m 


> 


Miii  be  unifortnly  wound  with  n  turns  per  unit  of  length,  and  / 
beitt  half-length  end  a  its  radius,  the  force/ per  unit  of  current 
M  Ih*  centre  is  (see  p.  361  above)  4it//{o'  +  P)t.  Tliis  bccoinea 
^ if  J^  great  in  comparison  with  a,  for  example  if  /  is  ten 
t<>ii«a«,  the  value  of /is  only  )  per  cent.  Ii^ss  than  4im,  as  is 
■iiown  by  the  equation 


+  »7 


'trJoD 


,..) 


I  I'bas  the  very  exact  determination  of  the  radius  is  not  a 
■^■MtBTof  Tery  great  importance,  and  if  the  coil  bo  very  nnifonnly 
Hrigind  over  the  middle  part,  and  very  fairly  regularly  elas- 
^BP*n,ttie  value  of/ will  be  given  with  great  accuracy  by  the 
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H  of  the  series.     Tlie  unifonait;  of  the   windu 
n  !«  made  almost  quite  perfect  b.v  Inying  on  the  wire  unden 
jiierate  tension  by  niouns  of  ii  aelf-feedinj;  latlie. 
The  coil  ia  wound  on  tlie  tube  T  (Fig.  75).     The  ends  of  t 
re  are  attuolied  to  pins  ;i,,  p^,  and  a  wire  v  running  paraQi 
to  the  Bxis  of  tlie  coil  connects  D,  to  s  third  pin  ;>}  close  t     ' 
A  pair  of  flexible  electrodea  wall  twisted  together  connects^ 
til  a  pair  of  terminals  on  the  pifttform  P.    The  tube  is  moun'^^ 
as  shown,  od  the  circular  platform  F  which  is  furnished  ^ 
levelling  sarews  i,  //,  //,  and  L'un  be  turned  round  the  vert  _ 
axis  y,  the  supports/,/ sliding  on  the  platform  and  main taini; 
the  tube  in  a  horizontal  position.    The  scule  S  on  the  edge  i 
the  platform  enables  the  angle  through  which  the  coii  is  tnrdl 
to  lie  measured. 
M<:thod  nf       l^''"  "eedle  is  suspended  at  the  centre  of  the  tube,  and  m 
treading     bo   either   a   light  polisiied  steel  disli,  or  a   plane  or  coDci 
[Eduction    mirror  with  attached  steel  magnets.     The  arrangement  prefen 
^_  is  u  follows ; — At  one  end  of  the  tube  is  a  short  scale  $  fai ' 

^L  towards  the  mirror  (which  is  plane)  and  illuminated  by  1 

^H  entering  a  small  hole  at  that  end  of  tlie  tube,  and  thrown  on 

^H  scale  by  a  reflecting  prism  or  inclined  mirror.    At  the  same  fl 

^^1  of   the   tube   is    a   fixed   mirror   M,    also  turned   towards  t 

^^M  suspended   mirror    m.      By   means    of  the   telescope  f  at  t 

^H  other   end    of  the    tube,    fixed    above   the    centre   with   i 

^H  vertical  croas-wire  as  nearly  ns  may  he  in  the  medial  % 

^H  plane  of  the  coil,  the  scale  «  is  seen  by  light  which  has  sufl( 

^H  two  reflections,  one  at  n  the  other  at  M,  and  thus  the  oi 

^H  through  which  the  needle  baa  heeu  turned  can  be  obtained, 

^H  For  the  scale  a  may  be  substituted  a  narrow  slit,  or,  prefet«i|l 

^H  a  wide  slit,  or  bole,  crossed  by  a  wire,  in  front  of  which  witl 

^V  the  tube  is  bxnA  a  lens,  and  for  the  telescope  a  sheet  of  obt.^ 

H  glass.     An  ima^e  of  the  slit  or  wire  is  focused  by  the  lens  i 

H  the  obscure  glass,  and  the  position  of  this  can   be  read  f 

H  witliout  on  a  scale  fixed  to  or  engraved  on  tlie  glass.       ^ 

H  Or,  the  plane  mirror  h  may  be  replaced  by  a  concavespherit 

H  mirror   as   in    an   ordinary  Thomson's  galvanometer,   and  t^^ 

^^  obscure  glass  carried  by  u  sliding  tube  which  can  be  pushed  C 

Bf  or  in  to  give  a  sharp  innige  of  the  slit  or  wire. 

H|ttad  nf       The   method   o£   using   the  instrument  is  as  follows  :    It 
^^^"ff      placed  in  ii  well-lighted  room,  and  the  platform  P  is  levelled  1 
B^ibu-     means  of  the  screws  L.    The  coil  is  then  turned  until  the  centi 
^pint.      division  of  the  scale  t  coincides  with  the  cross-wire  of 
^F  telescope  (or  the   Kero  nf  the  scale  on  the  obscured  glass), 

^1  the  rending  on  the  scale  S  is  taken.    Then  a  steady  current 

^K^         passed  through  the  coil,  and  tiie  angle  noted  through  wbi 
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tube   has   to  be  lumod  to  bring  Uio  centra!   division  i 
to  tlie  cross-wire  of  the  Ifilescope,     The  current  ia  t 
DOved  if  necessary  until  the  angles 
iqiial.     If  0  is  this  defection  on 
in  by  the  equation 


'  'rned,  knd  the 
■•'.  two  aides  of  zei 
ik  S  tbe  current 


y  =  - 


If  an  6 
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The  angle  6  cnn  evidently  be  attained  with  great  accuracy 
I'j  lery  accurate  division  of  the  ei/iile  S,  and  reading  it  witli  ji 
vornier  and  microscope. 

We  now  discuss  shortly  80ine  general  propositioDS 
regarding  tbe  action  of  galvanometera,  their  adjustment 
and  sensibility. 

We  shall  suppose  to  begin  with  that  the  forces  acting  .'^*°T 
are  wholly  magnetic,  and  that  the  suspension  is  such  as  GaiT«no- 
lo  prevent  other  than  horizontal  forces  from  aB'ecting 
the  needle.  When  no  current  is  flowing  the  needle 
reste  horizontal  with  it-s  axis  parallel  to  the  permanent 
magnetic  field,  or  to  its  horizontal  component.  The 
!!>.-edle  will  take  up  a  new  position  making  an  angle  0 
.  lib  tbe  plane  of  the  coil.  The  angle  which  the  needle 
1  w  makes  with  its  initial  position  is  0-a,  say.  The 
iiiplti,  a,  acting  upon  the  needle  is  given  by  equations 
i:(),  (20),  (21),  &c.  of  last  chapter.  If  M  be  the  mag- 
11.  tic  mouient  of  tbe  needle,  and  ff  the  horizontal  com- 
]>inent  force  of  the  permanent  field,  we  have  for  the 
return  couple  Mffsin  {0  —  a).  Hence 
e  =  Wffsin  (e-a). 
we  may  write  Q  =  yMG  cos  $,  and  therefore 

'^     G       costf 
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G,  as  shown  by  (13)  above,  in  general  depends  oofl 
If  the  needle  however  be  sufficiently  short  the  1 
depending  on  8  disappear.     G  is  then  what  is  ( 
the  guhanomctcr  constant. 

If  a  is  zero  (5)  becomes 


H 


tan  0 


and  if  G  is  independent  of  $  the  current  is  proportion 

to  the  tangent  of  the  deflection.     Hence  the  r 
the  instrument. 

The  instrument  is  generally  set  up  80  that  a 
or  very  nearly  so.  This  adjustment  may  be  r 
follows.  Supposing  the  stand  of  the  coils  fitted  with  a 
level  by  means  of  which  the  coils  can  he  placed  in  a 
vertical  position,  the  instniment  is  thus  levelled  and 
placed  by  guess  with  the  mean  plane  of  the  coils  as 
nearly  as  may  be  parallel  to  the  needle.  The  coil  is 
then  joined  up  with  a  voltaic  cell  and  reversing  key  so 
that  a  current  can  be  sent  in  either  direction  through 
it.  A  current  is  sent  through  the  coils,  and  the 
deflection  6  of  the  needle  is  observed  by  means  of  the 
mirror  or  pointer  attached  to  the  needle.  The  current 
is  then  reversed  and  the  opposite  deflection  observed. 
If  this  is  the  same  as  before  the  coil  is  properly  placed. 
If  not  let  the  numerical  value  of  the  first  dctlectiou 
without  regard  to  sign  be  0,  and  of  the  second  6',  and 
let  a  be  the  (unknown)  angle  which  the  mean  plane  of 
the  coils  makes  with  the  needle.  Supposing  G  the 
same  in  both  cases,  which  it  will  approximately  be  if  fl 
is  neaily  the  same  as  &',  we  have  by  (5) 


COIL  AT  (5°  TO  MAGNETIC  MEEIDIAN 


,  sin  {ff  +  $) 

tan  O  =  ^r-, a- a\ 

COS  G  (cos  0  —  cos  8) 

lich  ahows  that  it  0^  ff  the  coil  is  turned  through 
gle  a,  in  the  direction  of  the  first  deflection  ;  if 
r  f  <^  the  coil  deviates  from  the  position  of  the  needle 
If  Ml  angle  a  in  the  direction  of  the  second  deflection. 
The  actual  value  of  a  can  thus  be  calculated,  and  if 
'ill*  coils  can  be  turned  tlirough  any  refjuired  angle  the 
correction  of  position  can  at  once  be  made.  If,  however, 
iiiere  is  no  provision  for  turning  the  coils  through  a 
'ictiuite  angle,  the  correction  must  be  made  by  guess 
iVvitti  the  direction  of  the  greater  deflection,  then  the 
new  position  tested,  and  if  necessary  corrected,  and  so 

The  galvanometer  is  sometimes  set  so  that  a  =  45°,  CoiJ  at  • 
d  the  current  then  made  to  flow  so  that  the  deflection  Moridia 
Howards  the  coil.     Then  by  (1)  (changing  the  sign  of 
||  right-hand  side  to  keep  7  positive) 


V  2  //, 


G 


cos  0 


2     G 


:-,-( 1  -  tan  0) 


(6) 


[t  is  to  be  noticed  that  here  6  is  to  be  taken  positive 

n  it  is  on  the  same  side  of  the  cyil  as  the  initial 

portion  of  the  needle,  and  negative  when  it  is  on  the 
"Pposite  side.  The  deflection  of  the  needle  may  thus 
^  as  great  as  90°  from  the  initial  position.  For  this 
«lua  of  the  deflection  the  current  ia  v/  ^HIG. 


GALVANOMETERS 

The  adjustment  to  this  position  may  be  made  1 
first  placing  the  galvanometer  as  described  above  i 
that  its  mean  plane  is  parallel  to  the  undisturbt 
position  of  the  needle,  and  then  turning  the  instrumei 
round  through  exactly  45°.  This  mode  of  using  ti 
instrument,  though  it  gives  a  wider  range,  is  attend 
with  the  inconvenience  that  the  deflection  if  considf 
able  can  only  bo  taken  in  one  direction. 
SsQsibility  The  sensibility  of  a  galvanometer  may  be  defined  I 
nomet™*  ^^^  reciprocal  of  the  current  required  to  produce 
definite  small  angular  deflection  of  the  needle,  or, 
comes  to  the  same  thing,  it  may  be  taken  as  measun 
by  the  angular  deflection  produced  by  a  specifii 
current,  fur  example,  a  micro-ampere  (one  millionthi 
an  ampere).  Frequently  if  the  galvanometer  be 
reflecting  one  it  is  regarded  as  inversely  proportional 
the  current  required  to  produce  a  deflection  of  a 
division  of  the  scale,  but  this  of  course  is  a  function 
the  arrangement  of  mirror  and  scale,  and  not  merely 
the  coil. 
MaaHure-  The  sensibility  can  be  determined  by  seni 
Sra^liUitY  through  the  coil,  arranged  as  will  generally  be  necesa 
with  some  considerable  resistance  in  circuit,  i 
shunted,  if  need  be,  by  a  resistance  the  ratio  of  wl 
to  the  resistance  of  the  coil  is  known,  a  current  froi 
cell  of  known  electromotive  force,  calculating 
current,  and  observing  the  deflection. 

The  actual  merit  of  the  instrument  cannot  however 
be  completely  determined  by  such  a  process,  as  that 
depends  on  length  of  period  of  the  needle,  steadiness 
of  zero,  &c.,  which  are  not  here  taken  account  of,     For 


TORSION  OF  FIBRE 

au  cUtborut«  comparisoti  of  sensibilities  of  galvanometers 

see  a  paper  by  Messrs  Ayrtoo,  Mather,  and  Sumpner, 

Phil.  Maff.,  July  1890. 

The  scDsibility  of  a  galvanometer,  for  different  posi-  Senabiliq 

lions   of  tbe   needle,  is   the  ratio   of  the  increase  of  Differant 

ilcflectioa   to   the    increase   of  the  current,  or  dO/d^.    f**!^^ 

This  is  a  majcimiim  in  the  case  of  a  tangent  galvano- 

uieltT  for  zero  deflection. 

Wben  however  the  deflection  is  45°  a  given  percent- 

•vie  of  increase  or  diminution  of  the  current  produces 

I  itmximum  increase  or  diminution  of  deflection,  that  is 

'"  ^y  5^/(87/7)  is  then  a  maximum;  and  hence  the 

instrument  is  sometimes  erroneously  stated  to  be  most 

wasilive  when  the  deflection  is  45°.    The  only  impor- 

Unce  in  making  the  deflection  45°  Ues  in  the  fact  that 

™itb  this  deflection  a  given  small  error  in  reading  the 

luigle  will  have  a  minimum  effect  on  the  estimation  of 

llie  ciUTent. 

QTo prove  these  jirapositions  we  observe  first  that  by  (2) 

'-  =  £  _     ' 

rfy  ^  II  r+  tan'd' 

ia  obvioQ'.ly  a  ntaximum  witen  6^(K 

<fia  l«tthe  reading  be  in  error  SO  when  the  defleclinii  is 

/  A    Then  the  current  is  estimated  by  (2),  end  if  y  h  ihe 

psnmnt  tbe  ealiniuted  current  is  y  ±  iy,  or  y  ±  dy/d6.S^. 

r  in  estimation  of  the  current  ia  Sy/y  or  dy/dSM/y. 


Idy 


1  +  Ua' 


■^Bd  =  i-T_!l' 


nqf  the  Buspension  ought  lo  no  negiigioie,  ana  11  a  qunrw     Snroei 
pviortsuflicivnt  length  of  silk  fibre  be  used,  it  will  be  negli-  sionFil; 


ELECTEODTNAMOlIKTEnS 

ipble.  TheamouDtof  torsion  may  lioweverbeestimatedas follows. 
Let  the  needle  suppoaed  inilially  in  tbe  mngnetic  nieridiaa  be 
turned  once  or  more  limes  completely  round,  and  let  its  devia- 
tion from  the  magnetic  raeridinn  in  its  new  poaiUon  of  equili- 
brium  be  Qot«d  by  means  of  index  and  divided  BCiile,  or  mirror 
nnd  scale  or  telescope  provided  for  tbe  purpose.  If  a  he  the 
anpilar  deflection  of  tbe  mag'uet  from  the  niagnelic  meridian 
produced  by  turning  the  magnet  once  mund,  the  ati^le  through 
whiuh  the  thread  baa  been  turned  is  %r-a.  The  couple  pro- 
duced hy  this  torsion  has  for  moment  UllBiaa.  Hence  bj 
Corlomb's  law  of  the  proportionality  of  the  force  of  torsion  to 
the  twist  ^iven,  the  couple  corresponding  to  deflection  6  i)  I 
MH  sin  a  ej{2n  -  a).  Thus  if  a  current  y  produces  the  deflecliuQ  1 
6  the  equation  of  equilibrium  is 


y(7  cos  fl  =  Zf  (sin  fl  +  _ 


'o!, 


and  therefore 


r  = 


'2w~ 


C. 


We  now  consider  itbsolute  electro  dynamo  meters. 
The  first  instrument  of  this  kind  seems  to  liave  been 
invented  by  W,  Weber,  and  useil  by  him  in  biJ 
researches  on  the  mutual  action  of  currents.  Electro- 
dynamometers  have  advantages  over  galvanometers  (1) 
in  having  no  magnet,  and  therefore  avoiding  altogether 
uncertainty  as  to  distribution  of  m^^etism ;  (2)  in  pot 
involving  fur  the  reduction  of  their  indications  any 
knowledge  of  the  intensity  of  the  earth's  field  ;  but  are 
inferior  in  point  of  sensibility,  and  as  the  return  couple 
is  generally  given  by  a  bifilar  or  torsion  suspensiou  the 
accurate  estimatiou  of  its  value  is  a  matter  of  some 
difficulty. 

The  galvanometer  designed  by  Professor  FitzgenJd 
and  described  above  could,  as  he  has  pointed  out,  easily  be 
adapted  for  use  as  an  elect rodyn am ome tor.  All  that  if 
required  is  the  substitution  of  a  proper  suspended  coil, 
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and  a  biiilar  saspeosioQ  for  the  needle,  The  same 
arrangement  of  mirrors  and  cylindrical  Bcale  would  be 
available  to  give  the  deflections. 

We  shall  describe  the  general  arrotigcraent  and  mode  of  using  g  j^  f 

an  elect  rod  ynamo  meter  with  reference  to  the  iDstriimeut  made      mittetf 

bv  Mr.  Latimer  Clark  for  tlie  British  Associalion  Coriimitleo  on     Eleo 

ElBClrical  Standards,  and  illuBlrnted  in  FigB.  76,  77.  dyna 

The  &nt  of  tbese  hgures  showB  the  general  arrangement  of  tlie      met 

trument,  the  second  the  details  of  the  suepension. 


ubtfilar  uonsists  of  two  wires  the  tension  of  which  is  main- 
d  the  same  by  their  being  attached  to  a  piece  of  silk  thread 
hpoises  over  a  pulley,  as  shown  in  Fig.  77.  The  disUnce 
^MUtlie  threude  is  adjusted  by  two  guide  ptilleys  which  can 
■It  It  WT  required  distance  apart.  The  current  is  led  into 
■Wnpended  coil  by  means  of  the  suspension  wires.  Arrange- 
^••16 also  marJo  whereby  the  current  can  be  sent  in  either 
'""'0  Uirough  each  coil. 


ELECTBODTKIMOXETEB^ 

Tkmi  jI       Th9  liiatrumeot  s«  stated  tho'rt  hu  both  its  etab'ouaTy 
Urtiit-     nioTtbU  cuil  syBtems,  canatmcted  on  Helmholtz's  plsn  of 
viMt       MUftl  parallel  coils  at  a  distance  apart  eqaal  ta  tlieir 
Tb*  lUHDeDded  coil  B^stem  is  hung  so  that  it  is  cnncentr 
lh>  fixod  coils,  and  when  there  is  zero  deflection  their  pla 
«t  right  angles  to  one  another. 


Whou  Lba  axis  »*  the  suspended  coil  mskes  an  angle  ir/2  ■ 
^;^X.^aue  yf  the  fixed  coil,  the  couple   e  due  to 
,,   .  r^  irul    iWW   fc   i"<^wse  the   deflection,   fl,    haa 

WsiJJi'-''-^'-'  ,^  ..     ^\  gubgtituted  (or  Biii</).     .Agninthet 

'■■"''  -  ..,  l.v  a  couple  duo  to  the  earth's  magni 

'.'■  .  .  dWinish  «r/2-0.     Thus  (4G)  gives 

'^  . .  ;;,.v,ow>  (ir/2  -  <^).  B'nce  ^^-j  =  1 ;  and  f 

■''■  d  »i(iff',  where ^,«,y,y', are  tlie number* ( 

Lii^k  wWiA  »t»  ***•  **  '''"  """'■'>'^  "'°''  nialtes  wil 
"TCtiilVV  '*'*'»•  •'  ^  ^"  ''"  'etU'T, "couple  At 
■■    ™~7^\Ka  uJ»M  uf  the  fitod  coil  inaka  an  anrf 


METHOD  OF  USING  ELECTHODYNA  MO  METER 
e  value  of  £,  if  fl  be  small,  is  proportional  tu  sin  6,  m 


f  t».i  5  =  lJV»yy'G, J,  (cob  ^  -  Un  d  Bin  3) 


|if  asndja  bo  both  aitiall 

■^IH^MY/G^,  cos/9-2»y-j,  ff  ail.  (a  +  ff) 

N'dv  ft  (direction  of  tliB  curreut  in  the  coila  being  BBBUmeil  ss 
putilire,  the  currents  are  sent  thraiigii  the  two  coils  according-  to 
>lie  nljoiiung  scheme  and  produce  the  correaponding  deHections 


y 

+ 

7 
+ 

«, 

e. 

», 

^* 

' 

+ 

'B  gM  by  substitution  in  (8)  and  reduction 

■ '  isii^ss ""  "■  +  *"•■-  '■■'  '•  - '""  '•'  ■  <"' 

=  Y  this  gives  the  value  of  y'. 

ij  this  method  II  is  eliininsted,  and  it  is  the  best  method  to 
■ptirben  readings  have  tu  lie  obtained  quickly,  as  when  the 
""wot  is  vnrying.     If  however  the  current  is  constant  onough 


the  head  □£  the  bttilnr  aui^penaion  miiy  be  turned  Taund  until  4 
Biifpended  coil  ia  brought  buck  to  iti  original  poaition  ifte 
deflection.  When  this  ia  the  oase  die  angle  tf  through  whici 
the  coil  ie  deflected  from  its  equilibrium  position  is  clcarl 
eqnnl  and  opposite  to  the  nngle  ff,  through  which  the  head  c 
the  bifilar  has  been  turned  round  from  tlie  position  of  pair' 
lelism  with  the  plane  of  tlie  cuil.  We  have  thus  0=  "  " 
equilibrium  we  havd  the  equiition 

^ain(3  =  -HfnyyGiJi  +  2nyj>,//sin  o. 

Taking  four  dcSoctiona  according  to  the  shove  acbet 
four  readings  of  tlie  head  of  the  bifilar  0,,  0^  ^^,  ;3,  = 


inade  of 
Two 


fai 


-(sin3,  +  si 


Hence 

ill  which  again  II  does  not  nppenr. 

An  absolute  electrodynainometer  may  ha  conatnicted,  as  de- 
scribed above  (p.  274),  of  two  single-layer  coils  placed  witll 
their  centres  in  coincidence.  If  the  ratio  of  length  to  radius  be 
us  proposed  above  in  each  case  v3/I,  tho  value  of  the  couplt 
due  to  the  action  of  the  ourrenta  will  bo  as  given  in  (56),  p.  2T6 
8ir*im'yy'a-r£l  Va'  +  «" .  cos  (ff/2  -  0),  where  B.n'  nro  the  nu-" 
bers  of  turns  per  unit  length  in  the  two  coils,  g,  $,  a,  a,  \h 
respective  half-lengths  uiid  radii,  y,  y\  the  currents  in  them. 
)r/2  -  ^  tlie  angle  which  the  asis  of  the  movable  coil  makes  « i 
tlie  mean  plane  of  the  iiied  coils.  This  with  jr/2-i^  repl.io 
by  fi  -f  (3  is  to  be  used  in  the  formulae  (B)  and  (10)  given  above 
insletid  of  4iViryyff,(f,  cos  (6  +  /3),  Thus  the  ct|uation8  re 
placing  (9)  (10)  for  tliis  case  are 


F>J.-'-+:. 


(tan  fl|  +  tnn  6^-  ynnS^-  tiiii  flj  .  IA 


i^Si^c'"'.- 


CHOICE  OF  WIEE  FOR  BOBBIN 

Gilianoraeters  nnil  electrodynatnometers  are  very  froqiiont!)- 
uieit which  by  llieniselves  are  not  cnjiuble  of  giving  meaeure- 
menW  of  cunents  in  absolute  unite.  Sucli  instruments  are 
'ctlibrtled ''  hy  eoioe  reliable  nietliod,  bo  that  the  absolute 
llues  of  the  currenla  correBponding  to  any  given  deflections 
•rdtnoitn.  In  geiieru.1  tliey  differ  very  much  trom  the  so- called 
ibiolute  inttrutnerts  in  the  arrnngement  of  tlieir  coils,  &<■., 
'^fiichhaa  had  chiefly  in  view  the  attainment  of  the  greatest 
:/ii'\hh  aensibility. 

We  shall  diatinguisli  between  instruments  which  have  in  their 
■iiilsiBreat  many  turns  of  flne  wire,  »o  that  the  resistance  of 
li(  coifsystem  oinounlH  to  at  least  several  hundred  ohms,  and 
ii'<'!e  instruments  t)ie  resistance  of  which  is  comparatively  low. 
rW  forraer  are  very  frequently  called  "potentinl ''  inatruments 
'  voltmeters  from  their  use  in  determining  tlie  difference  of 
I  'leutial  between  two  points  in  a  circuit  at  which  the  tennlmils 
.re  applied  ;  Ihe  latter  are  called  low  resistance  or  "  short  coil " 
iiMrumente,  and  sometimes  {when  their  resistances  are  so  low 
ilini  one  of  tliem  can  be  placed  in  Heries  with  the  working 
'irtoit  without  materially  increasing  its  resietonce)  "current 
w  impereinetera. 

Tirat  inking  galvanometers,  wo  shall  extnbliiih  some  general 

'"  orems  regarding  the  arrangement  of  their  toils,  then  very 

Jlly  discuss  their  graduation  for  absolute  measurenicnts,  and 

"y  deal  with  graduated  electrodynamometers. 

ii8  first  place,  let  the  galvanometer  have  a  certain  cylindric 

i\  which  is  to  be  6iled  with  wire,  and  let  it  he  required  to 

lagHUge  of  wire  with  which  it  ought  to  he  wound  if  it  is 

nsed  in  circuit  with  an  electrical  generator  of  given 

■motive  force  and  resistance.   Let  a  he  the  rniiiua  of  croes- 

n  ef  the  wire  employed,  e  the  thickness  of  the  covering, 

the  oroBB-section  of  the  channel  made  hy  a  plane  through 

na.     The  portion  of  the  cross-section  occiipiefl  by  each 

ill  be  (2a  +  2«)*  if  the  tnme  are  arranged  in  square  order 

» CTOse-eection,  and  (Zo+  2c)*v3/4  if  they  are  arranged  in 

lular  order.      This  includes   the   space   occupied   by   the 

ing  and  the  vacant  spaces  between  the  spircn. 

iwidering  at  present  the  lirst  case  only   we  see  that  the 

'  BTot  turns  is  Sf(2a  +  2c)',  if  any  inaccuracy  introduced  by 

impossible  to  tit  nn  exact  number  of  turns  into  a  com- 

IT  is  neglected.     If  r  be  the  mean  radius  of  the  croBs- 

it  the  channel,  the  whole  length  of  wire  is  approximately 

Ic  +  ie)K     But  p  denoting  the  epeciflo  resistance  of  the 

";   length  is  p/tto',  and  the  whol 


Gauge  a 
Wire  fa 

Bobbis 


f  KiinMiee  R  of  the  o 
TOL,  IL 


iiiprS!{<i  +  <-)^a 


a  givi 


GALVANOMETRY 

tlie  mngtietic  force  at  the  needla  is  proportionul 
turna,  and  tbe  magiictio  furce  parallel  to  tlie  si 
be  written  i  ASyHa  +  c)'  where  .4  is  a  oonstai 
electromotive  force  of  the  geni^rator,  &nd  Sf  the 
generabii  aod  wireii  connecting  it  to  the  gali 


If  if  be  tt 
..  oftl 
bobbii 


prf! 


mponoiit  of  DHBgDetic  force 

p ^s«^ 


Since  the  numerator  is  constnnt,  this  hAS  its 
when  tbe  denominiitor  ia  a  ininimuni.     Calculating 
manner  the  necessary  condition,  we  Itnd  the  equatii 


a  biquadratic  for  the  detemiination  of  the  coireepondinf: 
of  a.  But  for  tlie  reciprocal  IjR  of  Iha  roaiatancc  of  the  bi 
we  have  the  value  2(a  +  e)*<i*lprS,  and  thia  uaed  with  the 
equation  gives 


or  the  resistance  of  the  bobbin  should  have  to  the  .„ 
the  generator  »nd  connecting  wires  the  ratio  of  the  •»» 
the  wire  when  bare  to  Ita  radius  when  covered. 

If  the  spires  are  arraaged  in  triangular  order,  the  eqtiatii 
condition  corresponding  to  (4)  ia 


.  lis  -  ■Ji.'C  +  'Yl'h'S,  ' 


GRADING  OF  C0IL3 

ll  nuy  lio  iciDiirkei]  here  that  the  nittgnetic  effects  uf  u  given 
bobblD  wniind  with  wire  of  different  gnitt;eH,tliethickiiesR  of  cunt- 
I'j^flnwhieh  beam  a  constant  ratio  to  the  diameter  of  the  wire,  and 
i^irers«il  in  o«cb  case  by  the  aume  current,  are  proportional  lo 
'!it  iquaro  root  uf  llie  resistance  of  tbe  coil.  For  we  hnve  then 
\'i+c)la  =  t,  or  a+c'-ia.  Tliua  by  what  haa  been  fliiown  at  pp. 
■'ii3,3TO,  the  magnetic  effect  ia  proportional  to  l/ifa',  and  the 
rwiitsnce  to  l/i^o' ;  hence  the  magnetic  action  varies  as  v  W, 

ll  is  obvious  that  tliia  is  also  true  when  tbe  thickness  of  thv 
L'unriag  is  so  amail  ns  to  be  negligible. 

Tlio  best  shape  of  cross- aect ion  for  the  bobbin  of  an  ordinary  I 
plunoiueter  ia  ahowu  in  Fig,  78.  The  curve  fonning  the  o 
*il*tniil  boundary  of  the  croaB.BCction  is  given  by  the  equation,  o 

r'-ji'sintf (16) 

'iirni  r  is  ihe  distance  of  any  point  P  of  the  anrfuce  from  O 
ito  centre  of  the  coil,  6  the  angle  POM  which  OP  makea  with 
'1^  axis  031,  and  p  a  conetant. 


MngUB 

Bobbin  n 
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wliatever  tho  rnJius  of  Ihe  circle  into  which  it  is 
length  of  arc  whicti  it  famishes  is  tbe  same  as  befcA 
so  the  axial  magoetic  force  is  proportional  to  the  Dew  « 
sin  d/r*.  But  for  every  point  of  the  croHS-Heclioo  outtj 
boundary  fulfilling  (16)  tbe  value  of  sin  Bjr*  ia  tmaller,.' 
every  point  withiti  the  boundary  is  greater,  than  for  e 
the  surface.  ThiiH  a  g-iven  length  of  wire  produc 
less  axiut  magnetic  force  according  as  it  is  woi. 
nithin  Uiis  surface.  If  then  a  coil  be  wound  of  any  I 
orosB-section  the  eslernnl  boundary  of  which  does  not ' 
by  removing  tbe  wire  from  one  part  of  tho  coil  t 
the  cross -section  may  be  brought  to  this  shape,  and 
magnetic  furce  increased. 

Fig.  78  shows  curves  for  different  values  of  p,  an 
parallel  dotted  lines  indicate  a  cylindrical  chamber  left 

Effect  of       In  the  investigation  given  above  (p.  370)  of  the  bed 
Grading     of  wire  i*ith  which  to  fill  a  given  channel,  wlien    '      ' 

the  OsDgo  to  he  used  with  a  generator  of  known  electromot , 

of  ^'"  '°  been  asuumed  that  the  wire  must  be  of  uniform  Ihickni 
Bobbin.  „g  |,,i^e  j„Bt  ggen  ^^at  is  the  best  fonn  of  oroas-seci 
a  coil  which  ia  to  contain  a  given  volume  of  wir« 
coil  is  wound,  however,  each  additional  turn  of  wirt 
increnseH  tbe  axial  magnetic  force  for  a  civcn  ciirre 
creases  the  resistance  in  circuit,  and  thereby  din 
current  produced  by  a  given  electromotive  force- 
now  inquire  whether  by  winding  llie  outer  hi 
wire  the  effect  of  increased  resistance  can  b 


The  volume  of  the  coil  supposed  without  chamberi 


2n-y  X  ij'-^i 


where  V  '"  t'l^  dia. 
from  the  axis,     N 


GRADING  OF  COILS 
volumeofcoil  =  i„p^js{xi^6de  ' 

=  k^y (17) 

iF  A'  =  iw  I  aintS .  dS,  whicli  doen  not  depead  on  tlie  ditneasioaH 

'  'lupe  of  the  cnil.  The  chamber  contaiQiDg  the  oeedla 
ii\\\\  b»  iimde  as  sinall  ns  poHBible,*  aa  the  part  of  the   toil 

-iieiliiiteljr  surrounding  the  ningnet  is  the  iodbi  valuable  ;  but 
II  will  ulirnys  cut  awaj  a,  part  o£  the  coil  dopendiug  on  p,  which 
"iiv  be  denoted  ^>yj{p).    The  actual  volume  of  the  coil  is  thua 

If  now  dt  be  an  element  of  length  of  the  wire  compoBing  the 
coil.  a[|il  p  the  psrameter  of  the  generating  curve  of  the  surface 
on  which  it  liea,  tlien  since  I//1*  =•  Bin  S/H,  the  axial  mngnetic 

forcD  it  llie  centre  is  y  /  dlji?  (=  yG,  say),  where  p  ia 
■if  ilie  whole  lengtJi,  /,  of  wire  in  the  coil  from  so 
'  M,  My  the  inner  end,  to  dt.  We  shall  siippoae  the  wire  to  be 
:  :  liLffereiit  gauge  at  different  places  in  the  coil.  If  its  radius 
.'/  be  a,  the  IliiulcneEtH  of  the  covering  there  e,  and  the  winding 
III  square  order,  the  volume  occupied  by  dlis  dl.  {2fl  +  2c)', 


eory« 


i  chosen 


'  tliii  t)ie  whole  volume 


»  [d!.i(« 


-t-c)>  wherea(andeif  D 


■jTiiiiat)  ia  a  function  of  I,  and  the  integral  ia  taken  throughout 
ft*  whole  length  of  wire  in  the  coil. 

L«[  the  coil  be  considered  as  made  up  uf  layers  each  fulfilling 
ihe  •qualion  r*  =  j;*  sin  6,  but  each  for  its  own  value  of  p,  to 
Uut  rt  is  *  function  otp.  We  have  thus  for  the  volume  of  the 
'[ace  between  the  layers  corresponding  to  p  and  p  -\-  dp  the 
•iprwaion  N/fdp  -  /'(p)dp  =  {ia  +  2pfdi.  if  di  be  now  put 
frit  the  length  of  wire  in  this  space.  Thus  rf/=iA>*rfp-/(p}rfp}/ 
[^  +  2^)',  and  we  gat 


^V  -  flP) 


dp. 


(18) 


"tlie generator  have  as  before  an  electromotive  force  E,  and 
'  litDDieas  before  the  resistance  of  the  generator  and  connecting 


g  ths  space  close  to  the  magnet  s 
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wires,  we  have  y  =  EI{R  +  R'),  and  yG  =  EG!{R  +  R'),    To 

make  yG  or  Gl{R  +  A')  a  maximum  oy  properly  fi^rading  The 

wire,  we  have  so  to  choose  the  diameter  for  each  layer  that  the 

contribution  of  the  layer  to  Gl{R  +  R')  shall  be  as  great  as 

possible.     Now  imagine  any  layer  to  be  taken  away  from  tlie 

coil,  everything  else  remaining  the  same.     G  becomes  G  —  dG^ 

and  R,  R  -  dR.     Thus  6/(^2  +  R')  changes  by  \dG  -  GdH 

Bobbin     /(Jt  +  R')]KR  +  R'  -  dR),    If  we  make  the  thickness  of  the 

r^^A     ^*y®'  ^^^y  small,  G/{R  +R!)  will  be  the  same  whatever  layer  is 

':J^®^     removed,  and  may  in  that  case  be  regarded  as  a  constant,  and 

®*       as  we  are  considering  only  the  efTect  of  a  particular  layer  w© 

consider  R  +  R'  as  a  constant    We  have,  then,  to  find  tbo 

value  of  a  +  c  for  which  dG  -  GdR/{R  +  R')  is  a  maximum. 

If  tf  -f  (7  be  denoted  by  u  the  necessary  condition  is 

d  G       d 

or 

d 
du^^      R+R' 

j-dG 
du 

Performing  the  differentiations  on  the  values  of  dG  and  dR, 
given  in  (18)  and  (19)  above,  we  find 

pp^  r     .    u  da\       R+R' 

-A,  ( 1  +  -  X  )  =  —7; —  "=  constant    .     .     .    (20) 
Tra^  V  a  du)  G  ^    ' 

If  the  radius  of  the  wire  and  the  thickness  of  its  covering 
have  always  the  same  ratio,  that  is  if  ula  is  constant,  we  have 
aju  =  dajduf  or  uja  .  dajdu  =*  1.  Hence  in  this  case  a  is  in 
simple  proportion  to/?. 

On  the  other  hand  if  the  thickness  of  the  covering  is  always 
the  same,  daldu  —  1,  and  we  have  p^i^a  +  c)la^  —  constant. 

On  the  first  supposition,  denoting  a  by  ap  and  a  -\-  c  \iy  fia, 
where  a  and  /3  are  constants,  and  putting  —  N/q  for  the  integral 
of  the  term  depending  on  the  chamber  in  which  the  mirror 
hangs,  we  find  from  (18) 

^  =  w(ry ^^'^ 

where  p  is  the  greatest  parameter  used  for  tlie  coil.     In  general 
q  depends  also  on  this  value  of  ;t?,  but,  as  will  be  seen  from  the 


\ 
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figure,  i(  nenTly  congtuit  if  the  chamber  is  not  large.  It  is  a 
ijnutitj  of  the  order  of  magnitude  of  the  interoul  dimenHions 
of  tlie  chamber,  and  maj*  be  regnrded  as  the  pnriimeter  of  the 
cuTe  which  would  generate  bj  revolution  round  tlie  aiia  a 
Tolnme  eqnal  to  that  ot  the  needle  chamber. 

We  lee  from  (21)  that  very  little  is  gained,  when  this  mode  of 
■iuding  with  graded  wire  ie  adopted,  by  making  p  large  in 
MBpuiaon  with  g. 

If  the  chamber  in  which  the  needle  bangs  is  cylindrical  and 
TUi  right  through  the  coil,  the  needle  is  ehorter  thun  the 
Jiuneter  of  the  sraallcGt  epireo,  and  every  spire  in  the  cotl 
produces  an  effect  in  the  aame  direction  on  the  needle.  If 
Mwever  the  space  in  which  the  needle  hangs  is  not  made 
CfUndrical,  the   ahape   of   it   is  o£  some  importance,  ue  it  is        Coil 


Outer 
Com  pars- 
Effect  of 

near  the 
of 


possible  to  place  spires  in  positions  in  which  they  prodiic 
mignetic  effect  opposed  to  that  of  the  coil  generally.*     To 
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this  it  U  otily  uecceaary  to  consider  the  diagram  of  liaea  a 
(Fig.  79)  due  to  a  single  turn  of  wire  of  radius  OJ.  Take  h] 
line  of  furce  and  draw  a  tangent,  Pf/,  to  it  at  right  angleatc 
tlie  axis.  Then  it  ia  clear  tliat  a  uniformly  maguetized  needl< 
It  right  angles  tu  the  axiR,  half  of  which  is  represented  ir 
position  and  length  by  FN,  will  not  be  acted  on  by  anj 
conple,  since  the  force  nn  each  pole  is  in  the  direction  a 
the  length  of  the  magnet.  If  hnwever  the  magnet  be  at  ■ 
greater  axial  diatnnce,  the  force  upon  it  is  in  the  same  dir«c 
tion  aa  il  would  be  if  the  needle  were  very  ihort.  Tbng  oi 
a  needle  of  the  length  and  in  the  position  here  specified  tir 
lunis,  one  smaller,  tlie  other  larger  in  rudius  than  the  lut- 
shown  in  the  diagram,  uiid  in  the  same  plane  with  the  latte: 
woutdj  if  traversed  bv  currenta  in  the  same  direction,  prodn 
oppoHito  couples.  The  smaller  turn  would  howeTer  prodnca 
couple  in  the  eame  direction  as  the  larger,  if  curried  off  b' 
Bullicieut  aiial  distance  from  the  needle. 
f  For  u  needle  of  given  length  it  is  easy  to  draw  a  curve  fl 
I  limiting  positions  for  the  spires.  For  drnw  the  line  APi 
s  through  the  points  of  contact  of  tangents  perpendicular  to  thi 
'  axis,  then  the  axial  distances  OJT,,  ON^  at  these  tiingeuls  from  thi 
plane  of  ttie  spire  are  the  limiting  distances  of  the  spire  from 
muenets  of  the  half  length  N,Pi,  A',?,,  Ac.  Then  by  supposing 
the  scale  of  the  diagram  reduced  in  the  r&tio  ot  N^Pj,  to  ^,Pi  wc 
shall  buve  a  spire  of  radius  OAxNiP^IN^P^  m  the  pusiUun  to 
exert  zero  couple  on  a  needle  of  half  length  NP  when  at  an  siisl 
distance  OA',  X  ffyPJ^'iPt,  and  so  for  other  points. 
'  It  is  tlierefure  clearly  undesirable  to  fill  with  spires  wonnd  in 
}r  the  same  direction  as  the  rest  of  the  coil  the  epnce  near  the 
needles,  beyond  the  limits  indicated  by  these  oonside rations. 
Figure  80*  shows  the  fonn  of  the  cavity  which  ought  to  bo  left 
If  it  is  possible  to  &I1  any  of  this  space  with  wire,  it  should  ht 
done,  hilt  the  spires  made  to  nm  in  the  opposite  direction,  sc 
that  the  couples  due  to  their  magnetic  action  may  be  in  th£ 
same  direction  as  that  due  to  the  rest  of  the  coil. 

A  form  of  galvanometer  very  convenient  in  many  respects  ii 

that  invented  by  Wiedemann  ."I-    A  circular  disk,  or  ring,  ofstee 

"   about  2  cms.  In  diameter,  magnetized  parallel  to   a  diametei 

~    is  suspended  with  its  magnetic  axis  horizontal  and  forms  th' 

needle  of  the  instrument.     This  needle  is  attached  to  the  lowo 

end  of  a  bar  of  aluminium,  which  also  carries  the  mirror  (miA 

*  From  Messrs.  Ayrton,  Mather,  and  Surapner's  paper,  Phtl,  Jbc 
Jnly,  18B0.  ^ 

+  DiaLehre  v.d.  EUktriciUtl,  vul.  iii.  p.  289. 
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Kttun  ifluee) ;    and  is  hung  withrn  a  damping  cbantber  of] 

^~^r,  bj  a  Qocoon  iibre,  from  a  torsion  head  &ba?e,  by  means 

ihich  tbe  effect  of  the  torsion  of  the  fibre  can  be  estimated. 

r  is  fixed  no  far  above  the  needle  that  it  is  clear  of 

I  CuIIh,  atid  ie  viewed  through  s  telescope  in  the  ordinary 
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A  pair  of  ooila  in  arranged,  a 
pwnler,   with   their   aiea   in 
,nd   are   attached    to 


>f  a  glaaa  tube  aud  ci 

e  on  euch  side  of  the  i 
ine  fhniuf^h  tiie  centn 
sliding  pieces    bo    t!i 


smping 
of  the 


nrs  nALVANOMETRY 


(listariros  from  tlie  iieedlo  can  be  increased  or  diiiiinislied, 
and  the  sensibility  altered  accordingly.  The  openings  in  the 
coils  are  large  enough  to  allow  the  bobbins  to  slide  over  the 
damping  box  close  up  to  the  needle,  leaving,  in  the  closest 
position,  between  them  only  the  narrow  space  necessary  for 
the  tube  down  which  passes  the  fibre. 

Two  or  three  sets  of  pairs  of  coils  suitable  for  different; 
purposes  are  provided  with  the  instrument.     When  the  needle 
moves  in  the  damping  box  of  copper  its  motion  is  resisted  hy^ 
the  action  of  the  induced  currents  produced,  so  much  so  that  i^ 
hardly  oscillates  about  a  new  position  of  equilibrium. 
Action  of       In  Sir  William  Thomson's  siphon-recorder  for    regifiterin^5^ 
Siphon-    signals  sent  through  a  submarine  cable,  a  coil  of  wire  is  sua— 
Recorder,    pended  between  the  poles  of  a  magnet  so  as  to  be  free  to  turn 
round  a  vertical  axis  passing  through  its  centre.     Within  tKe 
coil  is  iixed  an  iron  core  which  serves  to  concentrate  the  field  on 
the  coil.     Wlien  the  coil  is  in  the  undeflected  position  the  plan^a« 
of  its  spires  are  parallel  to  the  direction  of  the  magnetic  field  ; 
but  when  a  current  is  sent  through  the  coil  it  turns,  in  a  directioii 
depending  on  that  of  the  current,  so  as  to  increase  the  magnetic 
induction  through  its  circuits.     A  return  couple  is  provided    in 
the  recorder  by  means  of  a  bifilar  suspension.     The  magnet    is 
either  a    permanent  horse-shoe  magnet,  or  an  electromagnet 
excited   by  a  local   current.     The  current   from  the   sending 
station  passes  round  the  coil,  which,  turning  in  one  direction    or 
the  other  according  as  a  **dot"  or  **da8h"  is  being  indicated, 
actuates  the  writing  siphon. 

The  ordinary  dead  beat  reflecting  galvanometer  invented  by 
Thomson  for  cable  signalling  and  ordinary  testing  is  described 
at  p.  308,  Vol.  I. 
D'Arson-        The  application  of  this  arrangempnt  as  a  galvanometer  "was 
val  Galva-  pointed  out  in  the  first  edition   of   Maxwell's   Electncity  and 
nometer.    Magnetism,  and  has  occurred  to  and  been  used  by  several  experi- 
menters.    MM.  d'Arsonval  and  Deprez  have  however  brought 
such  instruments  into  general  use  for  several  purposes  connected 
with  practical  electric   work.     The  coil  is  hung  by  or  rather 
strung  on  a  stretched  metallic  wire,  by  which  the  current  enters 
and  leaves,  and  the  torsion  of  this  wire  gives  the  required  return 
couple.     A  core  of  iron  is  sometimes  used  within  the  coil  as  in 
the  siphon-recorder.     This  if  used  at  all  should  be  quite  inde- 
pendent of  the  coil,  so  that  the  coil  may  bo  adjusted  relatively 
to  the  core,  and  pole-faces  of  the  magnet.     A  mirror  attached  to 
the  coil  enables  the  deflections  to  be  measured  in  the  ordinary 
way. 
Advan-         This  form  of  galvanometer  possesses  some   advantages.    It 


tages. 
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__    ___, _  by  iiicreaaing  tlie  intenBiiy  of  tbe 

netd,  Hid  the  coil  posBesses  dead-beat  quality  in  a  high  degree 
in  tAnsequence  of  tbe  dnrapmg  action  of  the  induced  currents 
it  trheii  it  la  mo-ring  in  the  field.   (See  Chnp.  XIII.) 
miy   to   B    slight   extent   directly  aiTected  by 


F:g.  si. 


fnal  magnetic  Ixidics,  since  IhesB  unless  very  highly  mftgne- 

lized  can  only  alightly  nSect  the  field  in  which  the  coil  U  placed. 

Ati  improved  form  due  to  Messrs.  Ayrton»nd  Matheris shown 

in  Fig.  61.     The  coil  is  enclosed  in  a  silver  tube  hung   by  a 

'    ft-ire  of  jihoaphor-bronze,    with   spiral  cf  phosphor- 

lower  counectiou. 
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It  i^  ao>(*rAHo  Uias  the  nia^etic  field  of  such  a  galvanometer 

»h\HiUi  )v  08  little  aislurl^  as  possible,  in  a  manner  at  least 

which  OAv.not  bo  vvm|>ietely  taken  account  of,  and  hence  the  use 

of   irvMi  oorx^s  in  th«   su$pendeil  coils  is  inadvisable.     Messrs. 

Ayrion.  >Uth«r,  and  Sumpner*  have  found  it  possible  to  make 

Huoh  A  ir^h  jftuouioter  pvo  detioctions  proportional  to  deflections 

by  dispousin^  with  the  irv^n  oor^^  and  titling  iron  pole-pieces  to 

th<»  s&(ation.\ry  ma^netsk  so  shaped  that  the  moving  coil  cut  lines 

of  for\'e  alwax-^  at  the  :»me  rate  a»  the  deflection  varied. 

HMtShaiH"      i<  t^**^^  ^'t)  jH>)nted  out  by  >[r.  T.  Mather f  that  in  instruments 

uf  i\UU  m  *noh  u$  this  in  which  susi^nded  coils    are  used  in  magnetic 

1VAn»«m>    tU'Uis«  tlu^so  ivils  ahvniM  be  long  and  narrow,  and  that  the  cross- 

val  t)alva>  »octiou  at  rii^hi  auirle^  to  the  axis  should  be  two  equal  circles 

iiomot(»ni,    touchiit^  on  the  axis.     To  prove  this,  it  is  to  be  observed 

Ar»t«  tlK-«t  if  the  m:i^netic  moment  contributed  by  any  portion 

of  the   wirx»   In*   made  greater  by  increasing  the    breadth    of 

the    Hpirt^   in   which    it    i$  pla^^,  the   moment    of    inertia   of 

that  part  is   incrx^aseil  in   a   irr^ater  ratio,  and  thus  the  period 

of  fivo  vil»r:ition  of  the  coil  is  increased.      The  period  of  the 

coil   is   ^oiioiully    linuttM   by   practical   requirements,   and    we 

lirtNo  ihorx^fore  to  ivusider  what  the  form  of  the  coil  should  be, 

so  thai  for  a  »jivcn  luoment  of  inertia  there  mav  be  u  maximum 

um^notio  inoiuont*  or  for  a  given  magnetic  moment  a  minimum 

nioiucut   of  inertia.      The  solution  is  the  same  for  both  these 

cases.     i\M\sidor  (Fig,  Si'i  an  element  A',  of  area  dS,  of  a  cross- 


4 


H ^ 
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Hrctioj\  in  a  piano  at  right  angles  to  the  axis  Ay  and  let  n  be  the 
nnnihor  (»f  turns  per  nnit  of  area.  If  y  be  the  current  in  each 
the  cnrnMit  crossing  lis  is  yfitfS,  The  conple  round  the  axis 
cxcrtoil  on  nnit  of  length  of  this  part  of  the  coil  parallel  to  the 
axis  is  ym/S .  H  rsin  $,  where  H  is  the  intensity  of  the  magnetic 
lickl,  r  the  distance  of  the  element  from  the  axis, and  (9  the  angle 
between  JH  and  H.  Iff)  be  the  avera«]^c  density  of  the  coil,  the 
moment  of  inertia  of  unit  length  parallel  to  the  axis,  and  having 
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the  section  dS,  is  pr*'lS.  Tlie  ratio  of  couple  to  moment  of 
ioeitia  for  IIuh  pari  la  tbuB  ya  H  xin  f/pr,  imd  thia  is  t«  be  mndo 
a  iDaximiim  for  everf  elanieat  of  the  coil.  Tlius  eia  fjr  \n  tn  be 
mvie  1  ittBiimurn,  since  ihe  olLer  qiftDtities  ire  conelanl.  Tlie 
t^ndit  of  llie  coil  are  ineffective  as  regards  ma^reiic  aotion,  and 
hcQc«  so  far  as  they  arecoDcerncd  it  ia  desirable  to  njakn  Ibe 
Hiatince  of  each  element  from  the  axis  aa  Bmnll  aa  poBaible.  ll 
'^  ilsD  desiinble  that  the  poles  should  be  close  in  order  to  ensure 
■  I'.h  ordinary  mnfnete  as  inteose  a  magnetic  6eld  us  possible. 
Conwder  now  the  curve  the  equation  of  which  is  BeatShape 

of  Ssctiou 
r  =  (Tsintf  (2'1)     of  Coils 

'     '        Two 
where  e  is  a  constant     A  family  of  SDcli  curves  can  be  drawn    -'^'"l'?' 
for  different  values  off.and  they  are  ail  circles  touching  iu  the    '""^^pg 
L.i)int  A.  Now  lei  an  element  of  wire  be  ciuried  from  Ihe  aurfoco    *      "' 
iiltilling  thiB  equation  to  a  point  lying  outside.     For  such  a 
I'ial  sinfl/r  has  a  smaller   value.     For  a  point   lying    inside 
I  ^^  0,'r  is  greater.     Thus,  if  the  crosB-sectioa  of  the  coil  bo  lilled 
■.['  within  any  circle  r  =  c  sin  tf,  a  diminution  of  the   value  of 
itf/r  would  he  produced  by  transferring  any  portion  of  tlio  wire 
■■.  any  ot I lerun occupied  poeitioo. 

The  coil  should  therefore  be  made  long  in  the  direction  of  the 
Jiw,  and   have  the  form  of   crosa-seclion  shown  in  Figure  83, 


Fir.  S3. 

namely,  two  circles  touching  on  the  niis  at  the  point  J.  The 
pole-faces  should  also  be  correspoodingly  long-,  and  be  broad 
nnoiigh  to  give  a  nearly  uniform  field  at  the  coil,  it  they  are  not 
shaped  so  ns  to  accomplish  the  object  stated  above. 

Tlie  paMage  of  the  current  alone  the  snspension  wire  is  apt 
t"  seriously  affect  tlie  constant  of  the  instrument,  by  allering  its 
torsional  rigidity.  Suspensions  made  of  twisted  slnps  of  thin 
phosphor-bronze  have  been  used  by  Professors  Ayrtoii  and 
Perry  in  several  of  their  well-known  instruments.    Tliese  have 
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HiDull  tarsionnl  ri^dity  nud  great  rndialiii^  surface,  and  i 
therefore  peculiarlj  well  adapted  for  use  w  tursioii  Huspeiuiol 
which  at  the  same  time  act  aa  conductofB. 

It  has  been  pointed  uiit  in  this  connectinn  hy  Measra.  AyrM 
Mather,  and  Sumpner  tliat  by  making  both  coll  and  8i»p«iD^ 
of  pUliouiii-ailver  coinpenaating  effects  arc  produced.  If  1 
rise  of  temperaturH  were  llie  same  both  in  tlie  vdiI  and  ths  C 
pension  there  would  be  exact  compensation,  aince  the  percentiL 
incfeatie  of  resistance  of  plntinuni-silver  ia  nearly  eqiuJ  lot 
percentage  diniinutlun  of  torsional  rigidity. 

The  temperature  variation  of  resistance  is  very  e|ij[lit  in 
case  of  t!ie  alloy  called  platinoid,  now  mncb  in  ase  for  gat 
iiumeler  and  other  coils,  and  on  this  account  Mr,  Macba 
strongly  reoommenda  its  use  for  the  suspended  coiU  of  D'Anoa 
voltmeters,  and  of  rheostats  for  use  willi  aiich  coib. 


In  order  to  obtain  aensibilitj-,  galvanometers  are  frequent)^ 
made  wilh  astatic  needles,  that  ia  aiisp^nded  HEedle-ayatraM 
which  in  a  uniform  lietd  are  either  in  equilibrium  in  any  poaith 
or  o^eriencB  only  a  comparatively  sliglit  directive  action.  * 
astatic  system  generally  consista  of  two  aimilar  honzontal  nea 

•  Elcctridan,  Jan.  8,  laoSL 


magnetic  moment  artsnged  parallel  to  ona  another 
ir  poles  turned  iu  opposite  directiona,  us  at  J,  Fig-,  84, 
]ie  resultant  couple  on  the  pystem  is  zero  or  very  nearly 
1  comiuoulj  tlie  needles  are  placed  horuontally,  as  nearly 
kle  in  the  eame  vertii;al  plane,  wilh  their  centres  in  the 
rticol  line.  In  general  however  the  needlea  are  not  quite 
and  the  system  behaves  like  b  needle  of  very  small 
c  moment  with  its  axis  parallel  to  the  line  hiaecting  the 
nKleR  between  the  projections  of  the  needles  on  a  hori- 
plane  ae  shovrn  at  S  in  Fig.  84.  It  Laa  therefore 
ippoeed  that  this  is  the  manner  in  which  an  astatic 
properly  acts,  but  if  this  were  ao  ihe  seneibilitv  of  the 
bent  would  be  entirely  a  matter  of  accident.  When  the 
IB  ao  need  moreover  it  is  affected  hy  the    sJiglitest 

magnetic  influence,  and  ia  a  aource  of  great  trouble 
tbe  difficolty  of  maintaining  a  definite  zero  poaition. 
tatic  fiystem  when  quite  accurately  made  hoa  the  needles 
in  one  plane,  and  has  almost  perfeot  aetaticism  in  a 
field,  and  the  sensibility  ia  obtained  by  producing,  by 
f  a  magnet  placed  at  some  distanoc,  a.  resultant  magnetic 
ich  is  not  uniform  over  the  needle  system,  and  therefore 
lifferential  action  which  furnialies  the  necessary  directive 
I  the  needles.     An  as tatie  galvanometer  with  directing 

is  eliown  in  Fig.  85.*  The  instrument  illuatraled  ia 
a  of  Sir  William  Tbomson's  asttttic  reSecting  galveno- 
Tbe  details  of  the  supports  of  the  coils,  needles,  &c. 
clear  from  the  Figure:  the  coils  as  will  be  seen  are 
10  aa  to  tnm  back  to  allow  the  euapended  system  to  ho 
It  at.  Each  needle^ystem  ia  a  group  of  short  needles, 
re  are  two  acta  of  coils,  one  containing  each  group  of 
and  joined  in  audi  a  nay  tliat  the  actions  on  tlie  needlea 
I.  SomeEimes  a  aingle  coil  only  is  used  enclosing  one  of 
ic  pair  of  needles.  In  this  case  although  the  cuil  exerts 
in  the  aame  direction  on  both  needles,  the  principal 
action  is  exerted  on  that  which  is  inside  tbe  coil, 
ler  arrangement  of  aatatic  galvanometer  is  shown  in 
It  is  a  slight  modification  of  one  adopted  hy  Prof.  T. 
id  the  author  for  a  very  sensitive  galvanometer  con- 
fer the  determination  of  the  specific  resistance  of  glaaa.f 
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I  cut  lias  been  kindly  supplied  hy  tbe  Cambriilge  Instrument 

P«t 

.-S,S.l!lo.  330,  1884.   Asimilar  arraugeuiant  ofneedlaa  bu,  tt 

been  naed  also  by  Uerr  Rosenthal  and  by  Lord  Rayleigh.     See 

kUtlier,  and  Sumpner,  loe.  eil. 
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re  &  pair  af  horseshoes  of  hard  steel  us  bIidwd  in 
«  arraogecl  in  two  pnrallel  vcrticiil  planes  eo  llint 
e  enter  the  cores  of  one  pHirof  the  four  coils  C,  C 
Mea  of  the  other  the  cores  of  the  other  pair  of  coils.  The 
loili  «rc  fixed  in  a  plate  with  their  axes  parallel,  and  their 
1  plane ;   and  ilie  lioraeslioea  are  cociaected  by  a 
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0  thnt  one  enters  from  one  side  of  the 
•ntem,  the  other  from  the  other  aide  as  ehown  by  the  hori- 
|]  section  in  Fig.  BT.  The  instrument  is  supported  on  a 
I  of  vnlconito  standini;  on  vulcsnitc  feet  to  give  inxuUtion, 
Ue  coila  vere  wound  on  Tdcanile  bobbins.  The  coils  are 
o  tliat  when  a  current  passes  both  horsetdioes  are  di-ngged 
OL.  U.  C  C 


c;ai,vasometky 

W,  ■>!■  l>ot)i   piixlicd   otit  n 


by  iiLfiiiis  „i  -.1  ii,irr.>L  :m.i  s<r.\k  ill  tli«  usual  manner.  Tlie  toljil 
r.-8Ulaiice  of  llii'  four  coils  was  approiiiiiately  30,000  ol.nia  ;  and 
tbe  liighcst  senaibilily  obtained  when  tlie  instruEiient  woe  set  up 
was  Huch  that  a  current  1/10"  ampere  produced  a  deflection  of 


^0i 


r\ 
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1  division  on  a  scale  at  about  a  metre  distance.  The  period  of 
tlie  coil  was  however  for  luany  purposes  inconveniantly  long. 

A  very  elaborate  instrument  on  this  principle  was  made  for 
the  Central  Institution,  Loudon,  from  drawings  made  by  PnL 
Ayrton  in  consultation  with  Prof.  T.  Gray.  A  full  descriptiOD 
will  be  found  in  tbe  paper  of  Mesara.  Afiton,  Mather,  utd 
Sumpner  above  referred  to. 

The  chief  advantage  of  the  arrangement  of  coils  and  nwdlM 
described  above  is  that  a  great  portion  of  the  wire  of  the  coils  !■ 

Silaced  very  near  to  the  poles  of  the  needles,  and  in  k  veiy 
avourable  position  for  exerting  the  eleotromagnotic  action 
required.  Tbe  instrument,  particularly  the  form  shown  in  Fig.  2, 
iavery  easily  loade,  and  it  does  not  cost  more  than  an  instnimaDt 
of  thri  oriiinary  kind.  Of  course  a  single  horseshoe,  or  S  or  Z 
BliJiped  bar,  might  be  placed  horizttntally,  anii  .icted  on  liy  a  pair 
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Iiorixontal  magnet  or  ina^nete  pliiced  above  or  in  an  iiii8j-in- 
lueUiral  position  relatively  to  the  needlen  ii  cmplojed  to  rege- 
late tli«  ueDBibilit}',  as  tben  one  of  the  needles  must  be  inngnelixed 
aod  the  otber  dcmAgnetized  to  a  greater  or  less  extent,  depend- 
ing on  the  positioQ  of  the  magnet.  According  to  thia  litter 
arrangement,  if  we  suppose  the  needles  to  be  parallel  or  Dearly 
HO,  and  H  to  be  tbe  magnetic  iield  intensity  at  the  upper  ncedli>, 
&'  tbAt  at  the  lower  needle  in  the  aftmc  direction,  ni  tlie  magnetic 
moment  of  the  upper  needle,  m'  tliat  of  the  lower  needle,  y  the 
current  flowing,  6  the  deflection  produced,  and  A'  a  conHtunl,  we 
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The   sensibility   of    an   aatatic    instrument   with    liorizotital  Sfnsibiltt; 
needles  as  meaiiured  by  the  tangent  of  the  deflect!  on -angle  for  a   of  Astatic 
given  cnrreut  is  thus  very  great,  as  Hm-H'ni'can  be  made,  and    Galvano- 
I*  gcnerallj",  very  small.    According  to  the  values  of  m,  vi',  H,      nielor. 
H  ,  the  instrument  may  or  may  not  be  seriously  affected   by 
exiernal  magnets,  accidentally  displaced  in  the  neighbourhood 
of  the  instrument,  or  by  slight  changes  otherwise  caused  in  the 
magnetic  field.     It  has  been  argued  that  since  H,  H'  (which  are 
nearly  e'jiial)  have  each  a  considemhle  value,  any  alight  mag- 
netjo  disturbance  producing  only  a  very  small   percentage  of 
change  in  each  of  lliese  quautities  cannot  sensibly  affect  the 
value  of  the  sensibility. 

This  however  is  a  fallacy,  as  when  the  Instrument  is  very 
sensitive,  nnd  Hwt-H'nt'  is  therefore  very  nearly  zero,  an  ex- 
ceedingly feeble  magnetic  disturbance  changing  H  and  H',  as  it 
wtll  generally  do,  by  the  same  absolute  amount,  and  hence 
in  rer»-  slightly  different  proporlioiis,  may  suffice  to  alter 
Hm-H'm'  by  an  amount  comparable  wilh  its  former  value. 
The  equilibrium  position  of  the  needles,  for  lero  or  any  given 
current,  will  thus  be  subject  to  variation. 

Slight  changes  in  all  or  any  of  the  qiiantities  m,  m',  H,  H' 
may.  therefore,  affect  the  constant  of  tlie  ordinary  impertectly 
astatic  instrument  very  seriously,  and  as  a  matter  of  fact  its  con- 
stant has  to  be  continually  redetermined,  for  it  is  very  sensitive 
to  magni'tic  disturbances  in  the  neighbourhood. 

In  the  case,  however,  of  needles  adjusted  to  be  accurately  A 
vertical  these  disadvantages  do  not  exist.  The  needles  retain  'a 
Iheir  astaticitrm  for  uniform  field  and  cannot  be  nflected  in  the  ^' 
some  way  by  directing  magnets.  Then  H,  H'  being  the  hori-  " 
tout*!  field  inleoeities  at  the  upper  and  lower  ejtreniitiee  of  the 
I  BMdles,  y  the  current  slrcnglli,  6  the  defiectiun  of  the  needles, 
c  c  2 
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b«  perceptibly  affected  by  the  coils,  used  to  give  directive  force 
10  the  magnetic  eygtein.  Tliis  eninl)  tieedle  mny  be  hung  in  aucii 
a  way  tliat  it  can  be  tarned  round  a  horiKcititnl  asis  nt  right 
angles  to  its  length,  and  bIbo  rouod  a  verliani  axis,  so  aa  tii 
vnkble  both  tbe  seDetbiiity  and  the  Kero  of  the  inetruinent  to 
be  »djualnd.  When  the  galvanometer  ia  not  intended  for 
b^stic  experiments,  the  frame  on  which  the  fliuall  needle  is 
Ttiounted  may  coaveniently  be  immersed  in  a  liquid  and  made  to 
ict  ae  a  vane  for  bringing  the  needle  sysletn  quicKly  to  resi. 
This  arrungement.  of  course,  would  not  be  astatic,  bitt  would 
gire  great  sensibility  on  account  of  the  leverage  of  the  horBe- 
shoe  needlee  ati  arranged. 

Thus  if  ill  denote  the  magnetic  moment  of  the  tmall  needle, 
B  tlie  horJBonlal  component  of  the  earth's  magnetic  foice,  t  a 
conatont  depending  on  the  coils,  <^  the  strength  of  pole  of  each 
of  the  horaeshoeB  (supposed  o£  equal  strongih),  and  rf  the  dislance 
of  these  poles  from  tlie  auspension  thread,  we  have,  since  the 
deflection  is  small,  for  the  turning  couple  exerted  by  the  coila 
4Ct0rf,  and  for  the  return  couple  mB6,  and  therefore — 

P  '-^, <^" 

0(  coarse  this  arrangement  is  applicable  whether  like  or  un- 
like poles  are  turned  in  similar  directions.  It  has  the  disadvan- 
tage that  any  change  of  ni  or  tp  or  of  both  would  affect  the 
constant  of  the  instrument. 

The  sensibility  of  any  of  these  arrangements  might  nlxo  he 
increased  by  brtngiLg  out  a  very  liglit  arm,  say  from  the  middle 
of  tlie  cross-bar  connecting  tlio  horBeehoes,  or  from  any  other 
convenient  point,  and  hanging  the  mirror  by  means  of  a  bililar, 
one  thread  of  which  ia  attnched  to  the  outer  extremity  of  this 
arm,  and  the  other  lo  a  near  tised  point.  The  distance  between 
the  fibres  being  small  in  comparison  with  the  length  of  the  arm, 
small  deflectione  would  be  greatly  multiplied.  This  device 
would,  no  doubt,  render  a  greater  degree  of  skill  and  delicacy  of 
manipulation  necessary  in  the  operator  or  experimenter,  hut 
it  or  some  similar  plan  might  in  some  coses  be  adopted,  and 
the  conatinotion  of  these  instruments  renders  its  application 
to  tbeni  very  easy.  Astatlff' 

The  aatatic  galvanometer  described  above  may  be  modified  as  gygtcm 
follows.  Inateadof  asct  of  four  coils  with  hollow  cores  and  horse-  t^jth 
shoo  needles  as  described,  eight  coils  may  be  used — one  set  of  Straight 
fonr  arranged  in  rectangular  order  in  a  vertical  plane  facing  a  Vertical 
lod  set  of  four  similarcoile  in  a  parallel  plane  at  a  emalldistimce    NcL-illes. 


[ 
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from  the  firet  Two  itra'igkt  needlee  of  tliin  steel  w 
(tigether  b6  rigidly  as  puwible  by  very  light  bars  of  kIiu 
ara  »o  chosen  b.b  to  leogth  and  ho  arraoged  that  tbey  hang  fra 
a  single  silk  fibre  with  ibeir  lengths  Terlical  and  a  mugnet 
pole  aa  nearly  db  may  be  in  the  line  joining  the  centres  of  eu  _ 
inutiially  opposite  pair  of  coils.  A  magnet  giving  a  differently 
field  at  the  needles,  if  their  libe  poles  are  turned  in  dissimilM 
directions,  or  any  other  arrangement  may  be  used,  and  a 
sent  tbrongli  the  coils  In  aoy  desired  way  by  means  of  a 
buting  plnte  or  otherwise. 

Astatic  galvanometers  of  Sir  William  Thomson's  pattern 
usuiilly  made  with  two  coila,  one  above  the  other,  split  into  fi 
l<y  a  narrow  vertical  space  in  which  the  needle  system  ia  ■  _ 
pended,  and  which  admits  of  the  ready  removal  of  the  needlaafll 
adjustment.  In  this  space  may  be  hung-,  in  a  pU( 
parallel  (when  no  current  is  flowing)  to  the  two  coils, 
magnetic  needles  uf  steel  wire  side  by  side,  kept  with  tliflitj 
lengths  accurately  vertical,  and  at  a  short  distance  apart  (siy  \ 
or  I  of  an  inch)  by  light  aluniiniiim,  or  other  non-magnetic  bars. 
Such  a  system  of  needles  with  unlike  poles  turned  in  similar 
ilirectlons  would  plainly  experience  a  Mmilar  magnetic  action 
to  that  exerted  by  the  coils  on  the  needles  in  the  ordin 
so-called  astatic  combination.  But  two  straight  vertical  oeedUl 
would  plainly  be  perfectly  astatic  in  a  uniform  magnetic  fidr 
and  this  aat^ticism  for  uniform  field  would  not  be  liable 
disturbance  from  any  arrangement  of  magnets  applied  t 
directive  force  to  the  syBtem,  as,  for  exnmplc,  one  or 
magnets  directing  the  system  by  means  of  a  more  powerfnl 
notion  at  one  end  of  the  needle  system  than  at  the  other,  asshi 
in  Figs.  85  aod  B6,  or  magnets  arranged  symmetrically  i 
respect  to  both  ends  of  the  needles.  An  instrument  with  sooh  j 
MVetem  of  needles  ought  therefore  to  be  subject  to  but  alig 
if  any,  disturbance  in  ordinary  circumstances  of  senBibili 
when  masses  of  steel  or  iron  are  being  moved  about  d 
little  distance,  and  would  we  think  be  found  useful  in  sucli 
oases,  as  for  example  in  cable  testing  rooms, 

A  very  senative  galvanometer  baa  been  made  for  the  Central 
Institution  at  South  Kensington,  under  Prof.  Ayrton's  supeiia- 
lendence.  Great  attention  has  been  given  to  details  of  arrange- 
ment, and  specially  good  insulation  has  been  obtained  by 
supporting  the  coils  on  corrugated  vulcanite  pillars.* 

A  ballistic  galvanometer  is  an  instrument  designed  for  the 
purpose  uf  muosuring  the  whole  quantity  of  electricity  whi 
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a  carrent  of  short  duration.  It  is  so  cnlled  becaui^e 
'  tbe  moment  of  inertia  of  the  needle-ejstom  is  made  go  giear, 
and  coBsequently  the  free  period  of  vibratioD  so  long,  that  the 
(current  has  beguD  and  ended  before  the  needle  has  seoBihly 
moved  from  its  initial  position  ;  just  as  in  a  batlistio  pendulum 
the  change  of  momentum  of  an  impinging  bullet  hne  entirely 
taken  place  before  the  massive  bob  boa  moved  from  tlio 
position  of  stable  equilibrium  which  it  has  under  tho  action  of 
gravity. 

The  srrnngement  of  needles  takes  many  different  forms.  For 
example  Profeasora  Ayrton  and  Perry  construoted  a  ballistic 
galvanometer  is  which  tlie  needles  were  each  a  built-up  sphere 
of  small  magnets*;  the  form  of  galvanometer  referred  to  at 
ii.  386  above  was  constructed  for  ballistic  nse,  and  several  others 
i.>a  the  eame  principle  have  been  made  for  the  same  purpose  ;  in 
I'tler  cases  the  needle  is  a  disk  of  steel  carefully  polielied  to 
h^rve  as  mirror,  and  magnetized  parallel  to  a  diameter  wliich  is 
made  horizoDtal  when  the  needle  is  suspended. 

The  coil  should  always  be  set  up  ro  that  the  needles   re^t   at 
right  angles  to  its  axis.     This  enables  tbe  needle  if  the  deflec- 
tion is  kept  small  to  be  only  slightly  affected  by  the  miigiietlxing 
I     iction  of  the  current  in  the  coil. 

The  arrangements  of  coils  is  the  eamo  aa  in  galvanometers  for 
■tr-ady  currents,  except  that  on  account  of  the  influence  of 
iNtlaced  currents  produced  by  the  moving  magnets  the  coils 
^lioiUd  be  made  with  non-metallic  cores  or  tubes ;  or  if  metallic 
lubes  are  used  they  should  bo  slit  longitudinally  from  end  to 
'■nd. 

The  siphon -recorder  (or  d'Arsonval  Deprez)  arrangement  may 
ilio  be  used  fur  ballistic  purpoees. 

Let  Q  be  the  initial  angle  which  the  needle  makes  wilh  the   T 
plans  of  the  coil,  and  A,  the  angle  which  the  needle  would  make 
'^th  its  initial  position  at  the  extremity  of  its  deflection  if  there    I 
''ere  no  damping  action.     If  M  be  the  magnetic  moment  of  the    f" 
needle  supposed  short,  and  Gy  the  magnetic  force  at  the  needle 
lifodoced  by  a  current  y  in  the  coil,  the  turning  couple  on  the 
"wdle  ia  «  Cy  cos  a.     Hence  if  mi^  he  the  moment  of  inerliu  of 
Wie  needle,  we  have  when  the  current  is  y  and  the  deflection 


Iina  z( 


J^       MGy 


•  See  Chap.  XI.  below. 
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If  tlie  wbole  current  pasBeB  before  there  is  any  seiii 
lleutiuli,  we  bavc,  iiilegrating  over  the  whole  time  during  wtlj 
the  current  laale, 


N^lfwt- 


'jydl  - 


if  Q  ha  the  whole  quanti^  of  electricity  which  floi 
e  the  kinetic  energy  given  to  the  magnet  is 


•-(^L 


■»■ 


-i* 


-«■-■ 


This  kinetic  energy,  as  the  magnet  gwlngB 

to  rest  iu  the  magnetic   Held   of   horizontal 
rily  that  of  the  earth,  is  changed 


U,   not 
igiietic  energy 
of  nmouat  (see  p.   6  above)  MH  (1  —  cob  fl[).    Equating  t' 
to  tile  value  of  the  kinetic  energy  juat  found,  we  get 

p._2.,t'H(l-coBfl.) 
^  kKfl  coa'a 


If  T  be  the  complete  period  of  free  vibration  of  the  nee 
we  hnve  T  =  Zn  Ji^'S,  or  »i»/M  -  flT>/l^>.     Thus  the  id 
oquatiuD  becomes 

?^ m 


Q-tl 


a.  To  take  into  aceoimt  tlie  damping  action  exerted  on  the 

Tnkiog     needle  hy  the  iiir,  &c.,  and  by  the  induced  currents  produced  in 
into        the  coil  by  the  motion  of  the  needles,   we  shall   suppose  the 
deflection  to  be  small  enough  to  allow  the  nine  of  the  deflection 


NMdls. 


to  be  taken  as  equal  to  the  angle,  and  take  tbe  reUnliog  couple 
as  proportional  to  the  angular  velocity,  aa  it  will  be  if  the 
velocity  is  not  too  great.  This  theory  will  be  sulHciout,  as  the 
angular  deflection  can  always  be  kept  amull,  and  neverlhelees  be 
read  with  accuracy  ;  its  smallness  moreover  proventa  the  angular 
velocity  from  becoming  too  great. 

Let  theu  tbe  magnet  make  a  small  OBcillntion  in  tlie  field  of 
intennity  Jf,  and  under  the  influence  of  the  damping  ouuple 
Kd6ldt.    The  eqiiatiop  "*  -.niinn  i.  •^     ■ 


n  of  motion 
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of  whith  the  Bolution,  if  T[  be  tbe  obse 
inSacDce  of  ibe  dainpfng,  is 


fed  period  under  tlie 


e  =  Jc^p{-Kl/2>«i-')em'^l     .     .         .    (31) 

wbere  J  is  a  constant,  «nd  (  ie  reckoned  from  tlie  instant  of 
pweinj;  ibroiigli  llie  uiidisturbed  poBltion,  y,  is  giveu  by  tbo 
Eluatiun 


■7! 


Eiinniion  (3!)  indicateB  simple  harmonic  motion   of  rnnge  I*garil 

JiinuiiaLing  in  geometric  prop'esBion  us  tiie  ),iiue  iacreuses  by  ">''  ""' 

I    tMccBMive  intervals  each  equal  to  7',/2.    The  Nauerian  logarithm 

I    M  the  ratio  of  any  one  amplitude  to  tiiat  which  aucceeda  after 

M  blerval  T.rZ  is  KTJ4sii*.     This   is  called  t!ie   logarithmic 

oicniuent  of  rhe  motion  and  is  geaerally  denoted  by  X.     Thus 


ffum  {31}  we  obtain 

If  we  write  2^/Ti  =  R  coh  t,  k/2 


Equaliou  (33)  ma 
d6      iwj 


'-(^'  +  <) 


r 
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But  when  (-0,  d0l,le  =  UGQImk*,  8o  that  the  last  equation  gj 
MGQ  Ti 


Tluf 


..(P 


Putting  in  thia  dS/dl  =  0,  we  get  the  value  of  (  when  the! 
deUectioQ  (or  "tlirow")  tf",  has  just  been  completed,  t 
(  =  r,  (wl2  -  e)liw.     Hence  (31)  becomes  for  ttiis  value  of  ( 


2w    Bit* 


But  if  the  oscillation  were 
we  ahould  have  b^  (32) 


Vorking       SnbHtitiiting  tliia  value  of  Mi' 
VoniiuU    got  finally 


uoretarded,  and  T  the  free  ] 
(37),  itnd  6 


I)--- 


This  gives  t 
he  very  slight 
from  (38)  ordii 


10  firHt  nctuiil  elongation  d\.    If  the  d»m|ri 
o  that  \  is  very  small,  we  get  approsiia 
ictly  from  first  principlee,  the  equation 


CALIBEATION  OF  BALLISTIC  GALVANOMETER 


It  is  to  be  noticed  tliat  tbei 
tlie  HCtioD  uf  liie  air  actuikliy 
Kalvanometer  is  suddenly  s. 
iir  (lemagrietiiing  aution  on 
poasible  guarded  against  in 
inatraineut.  Tlie  deflection  i 
kipt  u  BinKlI  ax  pjaaible, 


whni 


Uu- 


eome  uncertainty  n 
hen  the  neadia  of  tlia  ImUiatic     ''"tainty 


Any  magBOticing  "f  Bulli 
the  tieedles  must  he  aa  far  us  Ai:tio 
the  arrangement  and  nse  of  tlie 
n  this  account  ought  to  lie  alwaya 
that  on  Che  one  hand  the  neeiflo 
nil]'  never  deviate  far  froiu  the  direction  of  the  permanent 
teld  in  which  it  ia  placed,  and  may  on  the  other  be  iilways 
Titialj  at  right  MigleB  to  the  axia  of  the  coil,  and  thus 
(iBl^  slightly  expuNcd  to  tiiagnetizicg  action  in  the  direction 
rf  111  length. 

lie  value  of  the  ratio  HG  muy  be  found  by  sending  a  steady  Elimii 
currfiit  of  known  amount  y  (determined  by  electrolyeia  ae  *""' ' 
■  H'l  lined  at  p.  427  below,  or  by  a  atandard  galvnnonieter,  or  ^?^ 
^itiil  balance)  through  the  instrument  and  obeetving  the  p  ;{.„ 
AxlwR  of  the  needle.  If  the  indications  follow  the  tangent  ^^ 
■>,  ^nij  e  be  the  deflection,  then  B/0  =  y/tan  6.  ^^^ 

"  ih«  iudicationa:  do  not  follow  the  tangent  law  the  instru- 
'I'  CUD  be  calibrated  by  sending  steady  currents  of  different 
!  I"*  through  the  noil,  observing  the  deflecttona  and  interpo- 
■'  Hi;  for  other  currenta  by  means  of  a  curve  plotted  from  the 
"ii-iitioiiB,  or  otherwise, 

■^  coriilensor  of  known  capacity  C  charged  to  a  difference  of 
^'■iitjal  F  measured  by  some  proper  arrangement,  may  be 
"'lurged  through  the  galvanonieter  and  ilie  deflection 
'"-ired,  This  gives  a  known  value  of  (^,  and  the  value  of 
"'i,.*;  can  therefore  be  obtained  by  (38)  or  (38'). 

lliCDB  melliods  and  others  will  be  excmpliKed  below,  especi- 
I'l'j  in  Chapters  X..  XI.,  and  XII. 
Ia  cases  in  which  the  transient  current  can  be  repealed  when 
■jitd,  luccessive  observations  may  be  mode  without  waiting 
■  'III!  needle  to  come  to  rest,  by  using  the  inethcd  of  recoil 
i'laed  by  Weber.  The  current  \h  first  sent  in  the  positive 
"' —  lund  the  coil,  and  llie  needle  thereby  caused  to  swing 


'  iLa  rusxinnim  deflection  in  the  positive  di 
'-''■'  Id  the  negative  side  and  back  again  to  zero 
It^n  the  Qeedle  arrives  at  iiero  the  second  tu 
'■"tat  is  repealed  but  in  the  negative  directior 
"'  niQlion  of  the  needle,  which  swings  to  a  niai 
''ii'  negative  side,  then  back  ngaiu  through 
■idc.    When  the  needle  returns  to  zero  from  the  positive 
■'■-,  the  transient  current  is  repented,  but  in  the  positive  drrec- 
oa,  a  fresh  impulse  being  given   in  the  opposite 


through 
At  the  instant 
!,  the  transient 


e  post. 


^  -t.    -«•  I 


ir   c:~zz.    ZT  :.-! 


«. 


'■  r:*;.r:  ••  :.  r-jro  lU* 
••■    :.:  ^..'..r  velocity 

T:  :>  V  .'.  jive    • 


:•.!«.;: !v  f .  f.r.ii  wi'.l  luiv 


1: 


■  ■         rt  i;;r:.«  TO  zer< 
.    .1  ;.'..; ^   towards  tl** 


METHOD  OF  RECOIL 

-sx),-i*|/,rtfc",and  the  defieclion  6^ 
'-^ +  «-'*)«-% 
rte  huve  for  the  first  group  of  four  deHectione 


itiTfgideis«(7^{l-{l- 


e  thing  wilt  be  given  by  every  succeeding  group  of 
ions.     Hence,  tuking  til  such  groups  into  account, 


"liiirh  ^vea  tlie  logurithmic  decrement. 
Again,  from  the  vnlues  of  tlie  deflectit: 


-')  - »,  +  ».■ 


r?  (!  +  ,-»).(«,  +  »,)■-■»  +  «,  +  »„ 


»■«(!  +.-")-(»..-.  +  «..-.;.- 


ReBQltso 
Hethod  a 


V    !(«,-.  +  »i-i  +  «j-i  +  «j)  (1  +  .-»>)-«, - 


f 


-(C«-i  +  e„).-W|  .     .    .    (42) 

oDables  Q  to  be  found  from  a  combluation  of  all  the  ob- 
_:ions  mnde. 

fa  to  be  observed  that  tbia  method  CAonot  be  conveniently 
'  if  the  damping  of  the  needla  is  very  amall,  as  then  a 
;u1nr  repetition  of  auccessive  sets  of  nearly  the  snme  nmpH- 
IcB  would  he  dilBcuk  to  obtain.  By  observing  the  auccensire 
if  free  elongations  any  change  of  zero  which  takes  place 
the  experiments  can  be  followed. 
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Formulae  are  eftaily  obtained  for  taking  iDto  accoii 
interval  occupied  in  ibe  pnaange  of  the  current,  if  that  ii 
least  comparable  with  the  free  period  of  tha  needle ;   but, 
these  are  rarelj  necessary,  we  shall  only  give  them  if  the  ae 
nrisea  in  connection  with  anj  electrical  nieaBureineut  describ 

Method  of  ^^^  "i^'f  ""^  further  here  that  when  a  galvanometer  is  usi 
SnecewiTo  f"''  the  meaeuremcnt  of  n  steady  current,  it  may  BOmotimei  I 
Dbsarva-  desirahle,  in  order  to  eliminate  any  variation  of  zero  due  I 
for  Vkriation  in  the  direction  of  the  eartJi'a  force,  to  read  the  gain 
dy  noineter  as  follows.  The  current  sent  round  the  coil  of  the  gain 
int.  nometerin  the  positive  direction  dell eots  the  needle,  which  swinfj 
sboat  the  new  position  of  equilibrium.  The  lirst,  second,  art' 
third  elongations  are  observed  ;  then  contact  is  broken  for  aboD 
half  a  whole  period,  so  as  to  let  the  needle  awing  beyond  zera 
next  the  current  is  sent  in  the  opposite  direction  to  that  in  whjcl 
it  was  sent  at  fint,  and  the  three  first  elongations  on  the  olhe 
aide  observed  ;  then  the  contact  ia  broken,  the  curient  revered 
ttnd  so  on  as  before. 

If  the   numerical   values   of    the    flrst    sis    deflections  u- 
$1,  flj 6„.   we   hive   for   the  deflection  due  to  the  stestl] 


6" 


e,  +  23,  +  6,  ^  6,  4  23,  -f  tfg 


'>  +  <?>- 


6,  +  2tfs  +  Cj  . 


Lord 


and  so  for  any  such  series  of  sii  deflections. 

Some  account  of  methods  of  measuring  currents,  difFera 
of  potential,  &c.,  in  alternating  circuits  will  he  given  in  ■ ' 
chapter.     Mnoy   particular  devices    and    arrangementa   " 
might  have  legitimately  found  a  place  in  this  chapter  will  b 
much   more   conveijiently   described   in   connection    with    th 
experiments  in  which  they  were  originally  used. 

Lord  Kayleigh  and  Mrs.  Sidgwick  have  used  in  their  researchc 
_^_  ^  on  the  electro-chemical  equivalent  of  silver  a  furni  of  eleotrc 
rnrrTnt  dynamometer  balance,  or  current- weigh  or,  in  which  the  fise' 
and  movable  coils  were  placed  with  llioir  axes  coincident,  an' 
in  such  relative  positions  that  the  pull  along  the  axis  exerted  b 
one  ooil-STstem  on  the  other  was  a  maximum.  The  fixed  coil 
were  the  large  coila  of  the  British  Association  electrodynarao 
meter  described  above,  and  between  these  was  placed  a  coil  o 
di  Ik-covered  wire  wound  on  a  ring  of  ebonite.  The  arrangt 
ment  is  shown  in  Fig.  89,  which  explnins  itselt  We  shall  al 
that  this  coil  placed  midway  between  tho  two  fixed  ooils  « 


pien  to  luve 
tt-  coils. 


force  exerted  upon  it  by  each  of 

UM  of  a  cnrrent  weigher  such  bb  this  has  sererdl  importaat 
ntaiges  over  either  flie  galvanometar  or  ordinary  eleotro- 
momeler-  As  here  arranged,  the  accuracy  of  the  constant 
nded,  in  the  main,  only  on  the  determinatiou  of  the  ratio  of 
ad  ii  of  the  coils;  the  necessity  for  finding^  and  taking 
uot  of  ita  variatioDB  is  avoided  ;  and  no  dilliculty  as  to  the 
io  or  bifilar  constant  of  auapensions  exists.  The  actun! 
tvation  of  the  indications  is,  however,  a  somewhut  more 
Uite  process  than  in  these  other  iustninjenls,  involving  us 

}K>  exact  wdghing.    It  can,  however,  be  carried  out  with 

nactoees  by  a  skilled  experimenter. 


Tit  matunl  electro-kinetic  energy  T„  of  a  syeten)  of  two  coils 
fing  n  current  y  is  given  by  the  equation 

Tm  -  nnyU («)  Attraction 

i'  denote  the  numbers  of  turns  in  the  two  coils,  and  M 
I  present  the  mean  mutual  inductance  of  a  , 
10  in  each  coil.     Thos  if  i  ia  the  distance  between  the 
b  force  F  exerted  by  one  on  the  other  ia  given  by 


Two 
Tarallel 


»«v 


(45) 


ilBiwads 


(lion  for 

between 

Two 
CoaiiU 
CircUi. 
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It  is  well  to  notice  here  tliat  dM/dx  ia  a  mere  nuisber,  and 
depends  therefore  only  on  the  ratios  a/a,  xja,  (or  *-|o),  of  tUo 
radii  of  the  coila,  and  of  the  radius  of  either  to  their  distance 
nparC    Tlius  if  we  write 

|f-/(.,.,,) (46) 

/■  is   a   homogeneous   function  of   zero  dimensioQB  in  a,  a,  i. 

tf-^^i.+'l-j.+f/, («) 

with,  by  Eiilet'B  tlieorem  of  homogeneous  functions,  the 
condition 

•I+-K+K- <"' 

If  tlio  coils  are  bo  placed  that  the  action  between  them  ia  « 
maximum  9flbx  =  0,  and  (48)  gives 

4:  +  .g-o m 

Thus  by  (47)  equal  (proportional)  errors  in  the  eBliniation  of  a 
and  a  produce  no  effect  on  the  vulue  of/  provided  the  coils  are 
in  this  position.  Uenoe  d/idx  being  zero  there  is  (to  luanlities  of 
tlie  second  order)  no  effect  produced  by  errors  in  the  eatimatiou 
of  X,  and  therefore  the  action  between  the  coils  depends  only  un 
the  ratio  aja.  This  ratio,  as  will  be  exptniiicd  below,  can  be 
delerrainod  electrically  by  a  method  due  to  Bosscha,  without 
direct  measurement  of  either  a  or  a. 

The  value  of  M  for  different  arrangements  of  coils  is  given  in 
Chap,  VI.  above.  Wo  shall  use  ut  present  the  eipreasion  given 
at  p.  268  for  the  mulud  induction  of  two  coaxial  circles  of  radii 
a,  a,  and  distances  x,  f,  from  a  fixed  point  on  the  axis.  We 
have  thus 

+  3.4.5fl^'(S'-M  +  ....}      .  (501 

Ilere  n,  f,  are  supposed   to  belong  to  the    I 
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iill  coil,  iLod  to  he  conaiderably  hm  tlmn  n,  «,  renpeclivet)-. 
-tia  if  a'lt  is  not  Inrge,  the  value  of  SM/9(  wiU  be  given  to  u 
_'h  degren  of  spproxii nation  by  the  lirat  terni  nlone  of  tins 
/les.   ThuB  writing/'  for  3J//3(  we  huve,  taking  the  first  term 


Thns  dfldr.  vaniwhea  ftnd  tlie  force  is  »  maziraam  if  o'  =  4j', 
"r  2j-  =  c.  iliM  IB  when  the  diatance  between  the  cirelea  is  half 
ibe  radius  of  the  larger, 

Neglecting  the  Becocd  and  third  terras  in  (60)  which  involve 
5,  and  taking  into  account  the  part  of  the  third  term  whiuh  in- 
volves a',  differantinting  und  putting  j^  =  Jo'  in  nil  faclom 
lultipiying  a',  we  get  as  a  second  approiimution  to  the  value  of 


V         10  a'/ 


(61) 


For  two  fixed  coiIb  at  equil  distances  on  opposite  Hide"  of  Ihe 
-i.spended  coil  tlie  odd  terms  vanish,  nnd  we  huve  (sliil  avip- 
,  i~ing  that  the  coils  can  be  regarded  us  circles)  for  the  actino 
'  '.-iween  one  of  the  fixed  coils  and  the  movable  one 

|i'.^^'ll.2.3j+3.4.5'J^:J?3(p-M+...)    .  (52) 

Tlie  coils  might  then  he  n 
Itnaa  of  Ihe  fourth  order  in 
gfTen  by 


On  the  other  hand,  if,  a 


ictuftlly  the  ruse,  j-  =  Jn, 
;  -  -2862  X  Git''  -'     .      . 


D  coDEiderflbly  larger  value.    This  equation  multiplied  by  -y' 
gives  a  rough  estimate  of  the  force  which  would  be  produced  by 
VOL.   IL  D   D 
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a  given  current  with  two  single  turns,  iind  therefore 

to  be  expected  between  one  of  tlie  lixed  coils  and  the  ] 


Effect  of 

PUcing 

Momble 

CoiL 
Force  on 
Movabis 
Coil  in 
Terms  of 
lUCioof 
Coll- 


ar 


^:-:(' 


m8.,i)othat£-j 
Tror  of  about  l/J 
IB  to  ndjuHtmenC' 
o  inaccurate  plul 


Iti  the  current- weigher  used  a  wsa 
and  neglected  could  only  give  rise  to 
Tlma  the  instrument  with  ordinary  c 
be  regarded  as  quito  free  from  error  i 
the  suaponded  coil. 

Ah  the  ratio  of  the  galvanometer  canstnuta  was  deten 
experiirientallyi  and  therefore  was  used  in  the  calctilutiou 
write  down  here  the  approxiuiote  expression  for  the 
between  one  fixed  coil  and  the  suspended  coil  in  terms  a 
rfttio  and  the  numbers  of  turns.    Putting  3  for  the  value* 


Cauitanti.  ^ftio  we  may  write  approximately 


Helative    Tim 

EStjcta  of 
Imperfect 
Inanlation 

'a  CoiU. 

An 


approximately  by  (65)  and  (44) 


the  eatimatron  of  n'  the  number  of  turns, 
ipended  coil,  or,  what  is  the  same,  any  defect  in 
thus  of  greater  importance  than  a  ainular  ii 
of  n. 


the — _ 

The  ratio  8  enabled  the  mean  radius  of  the  auapended 
bo  calculated.  The  attraction  between  the  coils  was  thu 
by  an  expresaion  eaaily  obtainable  by  differentiation  Trw 
value  of  ^T  given  in  elliptic  integrals  at  p.  142  above,  fc 
ooaxial  circular  conductors.    Thua  we  have 


dif 


-^  12f  -  (1  +  I 


■c'SJil 
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:re  sin  (  —  I:     F  and  E  liave  befin  cakulnted  \ty  Legeridre, 
were  used  liy  Lord  Kayleigh  in  the  fonnalion  of  a  (able  of 
[JM  of  TTJsin  Ji2f-{1  +Bec*f)E}  for  vaiuee  of  £  proceediug 
lnttr\-iile  of  6'  from  65=  to  TIP. 
'lie  value  of  dJf/'9j-  wns  then  found  for  the  actual  coils  of    Calcnll 
\\  breadlliB  2i,  2fl,  2J,  23  by  employing  the  following  fon 


&nd  multiplyinft  by  nti'  the  product  of  iha 
Tboe/la,  a,  i)  being  the  value  of  BAfldx  for 
QB,  we  have  for  the  whole  coils, 

/(fl  +  rf.  a,J-)+/(fl-rf,  «,^)    V 
+  /K  a.  ^  +  *)+/{«,  a,*-  i)        ...      (57) 

-  V{a,  a,  ;r)  J 

w  proceed  to  give  lui  abstract  of  the  experimental 

•a  and  results. 

le  suspended  coil,  C,  of  the  current-weigher,  which  had  been 

rfuUy  wound  with  ailk-covered  wire  on  a  ring  of  ebonite,  was 

tA  for  insulation.     The  method  adopted  first  was  to  [nake  as 

.  tely  as  posaibte  an  exact  copy  of  tiie  coil,  then  to  ptaue  the 

^  tnd  tu  copy  side  by  side  wrtli  their  axes  in  coincidence, 

vA  join  them  in  series  so  that  a  current  could  flow  through 

'  tinin  in  opposite  directions.     A  galvanometer  with  a  needle  of 

long  peri(>d  of  free  vibration  was  included  in  their  circuit.    Uue 

H»  of  a  very  long  steel  magnet  was  then  thrust  suddenly 

'liTijagh  the  opening  of  the  coils,  and  produced  in  them  oppo- 

-iie  induced  currents,  which,  if  the  insulation  had  been  perfect 

ID  both  roils,  ought  to  have  together  produced  no  effect  on  the 

Tmi,\e  of  the  gaivanometer. 

It  was  found  however  that  the  copy  decidedly  preponderated 

[  jaawgaetic  effect ;  a  result  which  pointed  to  faulty  insulation 

TBfteebonito  coil.    A  comparison  of  the  ratios  of  the  self- 

Ktions  of  the  separate  coils  to  the  mntuni  induction  of  the 

iJB  a  fixed  position  conlirmed  tliis  conclnsion,  and  tho  coll 

■thereupon  rewound. 

Tftsf  rewinding  it  was  tested  for  insulation  by  a  Hughes' 
Bction  balance.     This  consisted   of  two  pairs  of  coils,  one 

t*  This  rormola 


3M 

by 

Forranl 


Tests  of 
Insulatiofl 

of 
WindinBi 


itr 


may  be  bore  remarbed  is  applicable  uot  only  to 
10  any  ranction  of  a,  a,  the  mean  raifii.  Thus  it  may  be 
ivs  M  for  two  coils  if  /[a,  a,  x)  druote  its  value  fur  the 
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pair  at  HOme  <liatitnce  npnrt  in  one  lioriitontsl  plniio  being  joined 
lip  with  a  Blurts  of  variable  current  in  ft  primary  circuit,  the 
olber  p»ir  in  poBitiona  opposite  the  printaij  coile,  and  a( 
diatitncea  finely  adjustable  by  menne  of  screwn,  being  joined  u)> 
with  a  lolephone  as  a  secondary  circuit  When  the  coils  bnd 
been  adjusted  to  exact  balance  the  introduction  of  a  uiiall 
circlet  uf  cop|ier  '004  inch  in  diameter  between  a  primary  and  n 
secondary  coil  gave  a  very  distinct  lound. 

The  ebonite  coil  placed  between  one  of  the  primary  coils  and 
its  opposite  secondary  gave  an  audible  sound,  but  much  lesx 
than  that  uccaBionod  by  the  copper  circlet.  ^Then  the  ends 
were  joined  by  a  megohm  of  resistance  the  increase  of  eonnd 
was  quite  diBtinct;  which  showed  that  the  inauliit ion-re Bistunce 
was  decidedly  greater  than  a  megohm,  and  therefore  omply 
BulGcient.  _ 

kiticulara      Tlie  particulars  of  the  suspended  coil  were  as  follows  :  H 

Number  of  turns 242.  H 

ISospended  Eadii.l  depth  2* '9690  cm.  ■ 

j\xial  breadth  20 l'3843cm.  ■ 

Alexin  radius,  fmmd  eloctricully  \  H 

as  described  below  .     .     .\  I0'S4T3  cms.  B 

The  coil  was  made  of  copper  wire  insulated  with  silk  saturatw 
by  paraffin  wax.    Itx  resiBtance  was  about  lOJ  nhmt>. 
flParticnlars      The  particulars  of  the  filed  coils,  C„  C„  aa  derived  mainly 
f  of  FUeil    from  a  record  in  Clerk  Maxwell's  handwriting  in  the  Cavendisl) 
Coils.       Laboratory  note-book  were  as  follows  :  _ 

Nitiiiber  of  tnms  in  each      .     .     .  2S5.  H 

Mean  radius,  a S4-BI016  cms.  H 

Distance  of  mean  planes,  2i    .     .  26000  ems.  ■ 

Kadial  depth,  21^ l-Silcm.  H 

Axial  breiidtli,  2« 1-50  cm.  ^1 

Resistance  of  each  coil  (about)  14}  B.A.  units,  ^H 

By  measuring  the  distances  from  outside  to  outside,  and  ffflF 
inside  to  inside,  of  the  grooveit  filled  with  wire,  the  distance  (if 
mean  planes  was  found  to  be  S5  cms.  exactly.  The  balf-dififr- 
ence  between  these  distances  gave  2i  =  r6024  cm.  The  menu 
radius  and  number  of  turns  could  not  be  verilied,  but  the  n- 
uorded  value  of  the  former  agreed  with  the  outside  circumfereDCSi 
and  the  check  on  the  counting  of  the  number  of  turns  given  by 
the  device  adopted  when  the  coil  was  being  wound,  of  at  tht 
same  time  winding  string  on  a  drum  turning  with  the  cofli 
almost  absolutely  ensurea  the  accuracy  of  the  number  give^H 
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io  of  Uie  raiiii   wds  fuimd   as  f'jlluws.     One  of  the     Eii<«ili 
_rn&tiiaiiieter  coils,  nnd  tlie  fluspeoded  cuil,  were  made  concen-     nienbJ 
trie   and    coaxial   with   their   planes   vertical   in  the   magnetic       Deltr- 
mcndisn,  and  a  amiill  needle  wbb  hunt;  nt  the  common  centre.    tnuiatiiM 
\  diagrammatic  aketch  of  the  arrangements  ia  shown  in  Fig.  90,  °^  p  li" 
n  is  iHb  dynamometer  coil,  E  the  ebonite  coil,  N  a  regiatnnce  p      ?^ 
■    I.     When  the  thick  copper  piece  P  was  made  to  join  the     ''°"™' 
iTcniy  cupB   F,  H,  the  current  from  a  cell   A   was  divided 
in'een  tlie  iwo  coils,  which  were  joined  so  that  the  current 
lijTed  round  Ihem  in  opposite  directions.    The  reversing  key  B 
L    taibled  the  current  to  be  sent  iirst  in  one  direction  then  in  the 
I    filhcr  tlinugh  the  double  arc. 


J  in«mns  of  N  the  resistanceH  of  the  arcs  joining  C  and  P 
n  adjusted  BO  that  no  deflection  of  the  needle  took  place.     It 
Jlfuiind  that  the  resistance  taken  fruni  N  which  gave  bolance 
Sill)  uot  be  exactly  determined,  owing  to  inductive  effects  juo- 
■  owed  by  the  rflTerBal  of  ihu  current.    Readings  of  the  deflections 
"(tim  needle  were  therefore  talien  for  imperfect  BdjuBltnents. 
"ith  values  of  the  resistances  on  opposite  sides  of  the  required 
'lloe,  and  the  vulue  for  balance  obtained  from  these  by  inter- 
polation. 
I      The  ratio   of   the   resiBtances   of  the   double   are   was  then    Mea 
I    obUiued    hy   making   the   two   arcs    adjoining   branches   of  a     hjb: 
niieMilonc  bridge.     This  was  done  by  withdrawing  the  copper  ^■' 
I'l-ce  P,  which  hud  the  effect  of  converting  the  arrangement      "*' 
"^o  a  Whuatatone  bridge  of  which  one  pair  of    adjoining  p''"^*?J'lj 
'  nnchM  were  D  and  E,  N,  connected  at  C,  the  other  puir  a      Co!™  j 
i^tet  of  threo  resistance  coils  (composed  of  two  single  units  and  ■ 

''.!4  unit  coil)  and  a  coil  of  20  nnitd  with  its  terminals  connected 
ti.r  I  high  rcsiatancc  coil  K.  These  branches  were  connected  with 
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one  atiotber  ftt  L,  and  with  the  other  pair  bI  the  cups  F,  H.  ' 
balterjr  termiDalN  were  attached  at  C,  L,  and  thoae  of  a  aeadtirc 
tesling  gatvnnomcter,  g,  nt  F,  H,  Thus  the  ratio  of  the  reeiatoncm 
was  detcniiiiied,  and  for  one  dynamometer  coil  was  found  to  bt 
on  three  different  occaaiona  2'60087,  :E '60098,  2'60113,  or  a  niear 
of  2-60099.  The  Biime  coil  tested  with  another  set  of  reeistaDCM 
gave  on  two  occasions  in  like  manner  2-60016,  2-60026,  or  « 
mean  of  2-60036.  The  ineuQ  was  thus  2-60067.  For  the  other 
coil  -2-60072  was  found. 


If  G 


Mean 

Batio  of     effecte"'dHo''lo  tlLe''ooil8^  and  i.G,/l 
^J       ibe  reaiatanceB  of  the  branches,  y/y' 


nff.v  ar 


",yforlJieinaKnelic 
y'ly.    But  if  R.  S,  be 
RIR,  and  Ihereforo 


But  UBing  for  eacii  coil  the  tbIuo  of  0,  given  at  p.  269  sb(ice. 
putting  X  =  %  f  =  0,  aitiee   it   is   the   magnetic  forces  at  tin' 
.re  that  are  in  question,  we  find 


^•,-^'(i+ii:^i5) 


Now  the  known  values  of  a,  i,  i,  ^,  A,  and  the  approxlmu 
known  value  of  a  gave  at  once  the  vuliie  1-001296  for  th«  s(  ~ 
fraction  on  the  right  of  the  lust  equation.     Hence 

a  =  g^^  X2-G0070X  1001296  Xa  =  2-*2ll3o    .    (BO)- 

Adjust-         The  auspetided  coil  was  adjusted  in  position  in  the  current- 
t   me:it  of    weigher  by  tirat  susjiending  it  in  n  horizontal  position,  and  tlien 
" '""1  levelling  and  othcrwiae  ad  Justin?  the  positions  of  the  dynamo- 
meter coils.    A  movable  piece  stood  on  three  feet  on  the  top  ol 


CURRENT  WBIGHER 

Ipper  dynamonieter  ring,  anj  in  every  position  touclied  its 
'indricul  face  in  otlier  I  wo  points.  Tijis  piece  wiiBinovetl 
nood  the  coil,ao<l  oarriei]  witli  it  a  pointer  whii'h  tliasdeBcrihed 
4  circle  cosuaI  witli  the  fixed  coils.     When  the  lattpr  were  pro- 
perly placed  Llie  pointer  just  played  exactly  round  the  outer 
•urFicG  of  the  suspended  coil, 
riie  level  uf  the  suspended  coil  was  adjusted  by  rarryinK  nlon^ 
-  upper  face  of  the  upper  dynamometer  ring  a  Blraighl  rule 
'u'lded  with  a  pointer  which  juat  reached  down  and  touched 
II'  upper  Burfdce  of  the  suspeiided  bobbin  when  that  was  in  tlie 
iiFu|)er   position.      The   level   of   the   dynamometer  coils   was 
clianged  until  this  point  when  moved  ahout  just  scraped  over 
ill?  upper  surface  of  the  suspended  coil. 

The  value  oi  J[a,  a,  i)  was  ffXl-044576.  From  this,  by  the 
I'blfl  of  wnliies  of  tho  elliptic  integral  expression  referred  to 
•bore,  the  terais  of  the  ezpresaion  on  the  riglit  of  (57)  were 
tdculated  and  gave 


r'  X  1-044B27 (61) 


dif  ^ 


If  in  any  experiment  the  current  was  y,  the  attraction   or 
rapolsion  between  each  fixed  coil  and  the  suspended  coil  was 

rlf  m  denote  the  observed  difference  of  weights  applied 
and  after  the  reversal  of  the  current 


4a«y/=»,y  X-E 


6  is  the  correcting  factor  fur  the  air  displaced  by 
eiglita  m,  and  y  is  the  acceleration  produced  by  gravity  at 
thi'  place  of  experiment.  Thia  was  taken  m  981'S822  in  centi- 
uetre-secund  units.     Hence  a  being  taken  in  grammes 


=         981-3282  X  -99988        « 
4  x2iiOX212  X  i-044Si7  n 


=  '037048 -vCi 


(62) 


I  William  Thomson  has  constructed  cur  rent -weigher 
es  for  use  as  stundards  for  current  measurement  in  Thomsoitll 
prtcuce,  and  as  instruments  on  the  principle  of  the  balance  SCandarfl 
have  been  adopted  for  the  snrne  purpose  by  tho  Board  of  Trade  Current  1 
Committee  on  Electrical  Slandards  (see  their  Beport  in  Bal»noBi.J 
Appendix)  we  give  here  a  short  accouBt  of  the  most  geni 
--      '  '--a  of  these  balances. 
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to  •!«  b4s«d  on  tfa«  principle,  aet  fonh  in  Chap. 

III.  tlwT^  of  the  motiul  mctioii  between  Ute  fixed  nnil 
marable  pattiooa  of  s  circnit  cuTjing  •  carreiit.  Kuril  of  thp 
niutn^y  infliKDciiigparticHMCoiMHtauimoBt  of  the  instruments 
of  one  or  more  coinpletc  tnnia  or  Bpiica  of  the  condnetor,  but  in 
•ome  case*  coittuta  <rf  only  h>If  or  put  of  a  turn.  In  all  cases 
in  what  follows  we  ahali,  following  Sic  W.  Tbomsou,  call  each 
[rortioD  a  riittt. 

In  each  of  the  balances,  except  that  for  verj  strong  cmreDta 
(the  kilo-ampere  balance),  tfau  movable  portion  of  the  conductor 
coDsiata  of  two  rings,  carried  with  their  planes  horizontal  at  the 
extremities  of  a  balance  beam  free  to  turn  in  the  oriiinary  way 
roaot)  a  horizontal  aiia.  Abure  and  below  each  ring  on  the 
l>eam  ia  a  fixed  ring  with  its  plane  parallel  to  that  of  Ibe  inovabls 
ring.  The  rings  are  (except  in  what  is  called  tlie  Composite 
Balance*)  all  joined  in  series,  and  the  current  to  be  measnted 
is  sent  through  them  ao  that  the  mutnal  action  between  the 
movable  ring  at  one  end  and  each  of  the  two  fixed  rings  there 
is  to  raise  that  moTable  ring,  while  the  mutual  action  of  the 
other  group  uf  three  rings  is  to  depress  the  correspondi 
DiovabTu  ring.  The  action  is  therefore  to  torn  the  beam  rot 
Ibe  horizontal  axis  on  which  it  is  pivoted,  with  for  any  ^i 
position  a  couple  varying  as  the  square  of  the  current  flowing. 

Fig.  91  shows  diagrammatically  the  rings  and  the  course  of 

the  current  through  them,    a,  e,  6,/  are  the  two  pairs  of  fixed 

rings,  c,  d  tlie  movable  rincK     Tbe  current  entering   l>y   the 

leniimal   T  passes  round   all   the   rings  in  series,  in  the  twe 

AnSDce-   movable  rings  in  oppusite  directions,  and  returns  to  tlie  terminal 

ment  and    ?'i-     Since  each  movable  ring  ia  in  general  in  a  magnetic  field, 

Action  uf   terrestrial  or  artiliciat,  which  has  a  horizontal  component,  il 

llalunoe.    teods  to  set  itself  no  that  the  greatest  number  of  horizontal  lines 

of  force  may  pass  dirough  it  (Chap.  III.  above)  and  therefore  is 

acted  on  by  a  couple  which  tends  to  turn  the  beam  round  its 

axis.     Itut  since  the  current  passes  round  the  movable  coils  in 

opposite  directions,  and  Ihtse  are  very  a|]proximately  equal, the 

two  couples  are  nearly  eqiiul  und  opposite,  and  tlie  instrument 

is  practically  free  from  disturbance  by  huriaontul  niagueliu 

The  turning  couple  produced  by  the  mutual  action  of  ihefiie<l 
and  movable  rings  is  hulunced  for  the  horizontal  or  "sighleil 
position  "  of  the  beam  by  Lin  equal  and  opposite  couple  produced 
(in  the  manner  more  purlicularly  described  below)  by  a  station- 
ary weight  at  the  end  of  the  beam,  aoit  a  sliding  weigiit  placed, 

*  See  the  Autlior'a  aniallor  Treatisi,  2u(l  cd.  p.  107. 
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'"'.'tfardftBhion,  at  aBuitabla  point  on  a  fcrnduuted  bMr  attacbe<l 
1 1  tU  beam.  Tlie  amount  of  the  current  flowing  in  the  rings  ia 
dedirced  from  the  amount  of  tho  equilibrating  couple  lliiia 
•Pplied,  or  r»tlier  from  a  number  proportional  to  it,  by  means  of 

1  table  of  reckoning. 


Fiu.  ai. 

Eyotl  of  the  constrticlive  detoila  will  be  made  out  from  Fig.  92    StandtK 

^cli  sbowH  the  Standard  Centi-ampere  Balance,  and  illuBtratua      Centi- 
)*  arrangement  of  the  beam,  the  graduation,  and  the  mode  of     Amptn 

'PP'flDg  tlie  equilibrating  couple,  for  all  the  inslrumeota.  Baliuice>. 

Tlie  beam  is  hung  on  two  trunnions,  each  supported  by  a  flnt 

vlutie  ligainent  made  of  fine  copper  wiree,  through  which  the 

current  passeB  to  and  from  the  moviible  rin^R. 

The  horixontal  or  flighted  position  of  the  beam  in  that  in 
*hrch  tho  pointers  on  the  extreme  right  iind  left  are  iit  the 
middle  diviaiona  of  their  acalea.  This  poaition,  in  all  the  in- 
*tnrnienta  in  which  a  movable  ring  ia  acted  on  by  two  fixed 
Hugs  between  which  itia  placed,  ia  not  that  midway  between  these 
'wo  rings,  ns  that  would  be  a  position  of  minimum  force  and  there- 
I'lre  of  ilia  lability.  For  stability  it  ia  eo  chosen  that  the  iiiovabk- 
'iiij;  is  nenrer  to  tlio  repelling  fixed  ring  than  to  the  attracting 
'■  !>>;  by  BUL-li  ail  amuunt  as  to  give  about  \  per  cent,  mure  tliun 

Fixed   to  the  beam   and  paraHel  to  it  ia  n  finely  graduated 

hur,  and   above  this  is  a  horinontal  tiled  aciile,  called  the  In- 

MtlDtittl  Scale,  Icea  finely  divided.     Both  graduations  begin 


CURRENT  BALANCE 

("t!a  un  on  the  extreme  left  and  have  numbers  increaaiiig    Afr*"! 
i""KrdB  the  right,     A  carriaee  is  moveJ  along  the  graduated    "*",'  '     i 
i'lr  lo  any  required  position  by  a  Bliding  piece  controlled  by  u    ■"I'P'y"'8 
jid  wliich  can  be  pulled  from  either  end,  and  this  carriagej  by  Bej^yino 
■I'r'lf  or  with  sn  additional  weight,  fonos  the  movable  weight    ^Y'dchts 
^Flerrsd  to  Hbove.     The  position  of  the  carriage  is  indicated  by 
'  jioiDUr  which  moves  along  the  lower  scale.     Each  a'Iditional 
veifht  has  in  it  s  small  hole  and  aliil  which  pass  over  conical  I 

fini  Id  the  carriage.     This  ensures  that  the  weight  is  always  1 

pitcd  in  a  deliDite  position.     The  balancing  weight  is  moved  1 

'I'lOg  the  beam  by  means  of  a  selC-releasing  pendant  carried 
I'''  the  sliding  piece  above  referred  to.  To  this  pendant  is 
'^tai'hed  a  vertical  arm  (seen  in  the  figure) -which  pasees  up 
^l^iri'Ugh  the  recess  in  the  front  of  the  weight  and  oarringe  and 
->i!n«ble8  the  carriage  to  be  moved  with  the  sliding  piece. 
riie  stationary  weight  is  placed  in  the  trough  shown  at  the 
''1,'lit-liiind  end  of  the  instrument.  The  trough  is  V  ^bapsd, 
irirl  Die  weight  cylindrical,  with  a  cross  pin  which  passes 
liiratigh  a  hole  in  the  bottom  of  tlie  trough.  The  weight  is 
'■■i^if  placed  in  a  perFectly  definite  position  and  always  has  the 
"^'11?  leverage.  It  is  so  chooen  as  just  to  keep  the  beam  in  the 
■'phltd  position  when  the  sliding  weif^ht  is  at  the  zero  of  the 

Since  the  mutual  action  of  the  rings  is  to  bring  the  beam  Device  for 
''"'irds  the  sighted  position  when  displaced  by  the  weighli).  Obtaining 
"4  the  equilibrating  couple  is  that  due  to  the  displacement       Long 
"- tlie  sliding  weight  from  zero,  the  latter  couple  increases  as      Scale. 
'li^curTent  increases,  and  hence  motion  of  the  slidiag  weight 
I'lnirds  the  right  corresponds  to  increasing  currents.     The  use 
"'  tlie  Btslionarj  weight  gives   a  scale  of  double  the   length 
''liich  would  be  obtained  without  it. 

!n  the  top  of  the  lower  or  finely  graduated  scale  arc  notches  Gmd: 
'ilbioh  correspuitd  to  the  exact  integral  divisions  in  the  upper  Scale. 
'i^i^d  scale.  Thus  the  reading  in  the  lixed  scale  is  got  when  the 
'"'inter  is  at  a  notch,  wirhout  error  from  parnllnx  due  lo  the 
p  flition  of  the  eye.  The  readine  when  the  pointer  is  between 
lito  notches  is  ea«ly  obtained  by  inspection  and  eslimation 
H'ith  (uflicient  accuracy  for  most  practical  purposes.  When 
however  the  greatest  accuracy  is  required,  the  reading  is  taken 
'in  ilie  lower  scale,  with  the  aid  of  a  lens,  and  the  current 
'irength  calculated  from  a  table  of  doubled  square  roots. 

Four  pair^  of  weights  are  given  with  each  instrument     Of   Weighta. 
'line  one  set  is  for  the  sliding  platform,  the  other  set  are  the 
'orrMponding  counterpoises.     The  weights  of        '        '       " 


1 


^■teratios  1   :  4  :  16  :  64,  and  are  so  adjusted  that,  when  the  ■ 
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c'lrriage  in  placed  with  itD  index  at  a  dIviHion  of  the  inspK 
tiunal  scniu,  the  iastrumctit  bIiuwb  a  current  of  an  integn 
number  of  umpereH,  Lalf-auiceree,  or  quarter-amperee,  or  wia 
deduial   subdiviaioD   or   iiiiilti|ile   of    one    of    these    uuita  t 

lAdinit-  "^'''^  "ceurate  adjustnient  of  tlie  zero  is  effected  by  a  mud 
'=^,tor  meinl  flng  as  io  a  cliemicul  balance.  This  flag-  is  set  in  uj 
required  position  hy  means  of  a  fork  moved  by  a  handl 
beneath  and  outaide  the  case  of  the  instrument.  The  «\iii^ 
wuig'ht  ia  brought  to  zero  with  the  correaponding  couoterpoH 
in  the  trough,  and  then  the  flag  is  turned  lo  one  aide  orti 
otlier  uutil  the  pointer  of  the  beam  (seen  on  the  ezLrcuie  li^ 
and  left  ID  Fig.  89)  is  just  at  iiero. 

When  necesaary  fur  transit  or  otherwiae,  the  beam  in  tfa 
centi-aiupere  acd  deci-ampere  balances  ia  lifted  off  its  nn 
porting  ligament  by  turniug  an  eccentric  by  a  shaft  under  tS 
Bote-plate  of  the  inatrument.  In  tlie  other  balances  the  beiri 
ia  lixed  for  carriage  by  placing  diatance  pieces  between  ihf 
upper  and  lower  parts  of  the  trunnions  and  screwing  them 
together  by  milled  headed  screwa  kept  always  in  position  fur 
the  purpose. 


Deturmi-  We  shall  now  shortly  describe  the  process  uf  determinlD^ 
nntionof  the  otectro-chemical  equivalent  of  silver  pursued  by  Lotci 
KI«clro-  Iluykigli  and  Mrs.  Sidgwick,  The  arronKPnient  of  apparainc 
I  :lnitnin«l  JB  shown  in  Fig.  S2.  A  circuit  was  made  up  of  a  battery  J  In 
Kquiva-  gerieg  with  three  Bilvervoltanietora,  a  tangent  galTsnometer  ll 
Iciit  Of  (which  gave  a  rough  measurement  of  the  current),  the  curreol 
*'''""'•  weigher  F,&,  described  above  (p.  39S).«  The  voltameters  were 
each  composed  of  u  platinum  bowl  which  served  as  kathode, 
anil  nn  anode  of  pure  silver  plate  suspended  lioriBonially  above 


It  of  tho  arraugumcDtB  shown  in  Fig.  SB  have  no  telationlB^ 
|jdeetro-cheuiiciil  ileterminntion.      They  wera  req^nired   for   I" 
n  Clark  cells  described  below  (p.  433). 


ELECTEOLVSIS  OF  SILVEE 

rlie  hftwl  io  the  electrolytic  liquid,  whicli  wns  a  solution  of  pure 
MiMle  of  silver.  To  prevent  dieintegrsted  silver  from  falling 
iMntbe  anode  the  pfitte  wivs  wrapped  round  witii  pure  filter 
?Lperiecur«d  at  the   beck  with  sealing  was.     The   electrolyte 

1 1'  in  peneral  a  neutral  solution  of  15  parts  hy  weight  of  pure 
'lifer  nitrate  in  100  parts  of  water.     The  area  of  deposit  in  two 

I  iha  bisins  was  about  37  square  centimctrea,  and  75  square 

■iiLitnetrea  in  the  other. 
After  B  nrunberof  trials  of  the  addition  of  acetate  of  silver  in 

iikII  cjiinntity  to  the  pure  nitrate  solution,  it  was  found  that, 
^\u\e  the  acetate  had  tlie  desired  etfect  of  giving  a  (irmly 
>:i>lierent  deposit  of  close  texture,  the  very  clospness  of  its  tes- 
tiire  rendered  very  difficult  the  after  freeing  of  llie  deposit  from 
miintd  salt  or  other  imparity  tending  to  incrcaee  ita  weight, 
hwi)  therefore  decided  to  use  pure  nitrnte  eoliitiona,  which  it 
"«  found  after  all  gave  deposits  coherent  enough  for  the  sub- 
•■■IBcnt  treatment. 


Volu- 
autera.^ 


I 


The  procedure  in  an  eiperimeut  was  aa  follows.  The  current 
t<luglily  regulated  to  the  deaired  value  waa  allowed  to  pass 
tbniugb  tlin  curmnt  weighing  apparatus  for  half  an  hour,  but 
not  tliroiigh  the  voltameters,  Tiie  copper  conductors  uf  the 
circuit  heated  somewhat,  and  thus  the  current  sllglitly  fell  off 
rlnriug  tills  time  The  voltumetera  in  the  meantime  were 
charged  with  the  solution,  and  the  anodes  fiiod  in  poBilion. 
Then  when  all  had  been  adjusted  the  current  was,  at  an  instant 
ubserved  on  a  chronometer,  sent  through  the  voltameters 
armtigeil  In  aeriea ;  and  the  weights  tiien  required  to  bring  the 
point«ruf  the  suspended  coil  to  zero  were  observed.  At  intervals 
the  current  was  reversed,  and  the  change  of  weights  observed. 
VoT  one  direction  of  the  current,  of  course,  the  electromagnetic 
&|^on  aasiated  gravity,  in  the  other  opposed  it. 
I^Fhe  following  table  gives  the  result  of  a  series  of  eitpcrimcnta 
pide  on  March  10,  lflH4.  The  two  sets  of  numbers  are  the 
jMght«  which  ha<i  to  be  added  to  give  equilibrium  according  as 
llie  (iiUTent  was  in  one  direction  or  the  other. 


De'tBtlTs 


Rosutt  a 
Series  OJ 
Experi- 
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I:...  0(«-, ..!..::.. 

W.i^htii,  Gmn,],,e^. 

H.  H.   S. 

1     4  19  30 

7-694 

4  2S   0 

6-795 

1     4  32  15 

7-698 

1     4  40  20 

6-791 

4  48  M 

7-699 

!     4  60  30 

6-790 

4  63  10 

7-699 

4  66  80 

6789 

6   1  16 

6-789 

Current  lent  throDgb  voltameters  at  4h.  17n),  intemipted  »t 
6h.  Sm. 

Difference  of  weiebta  =  S  X  Fonte  on-enapeaded  coil. 

The  corves,  Fig.  94,  show  theoe  remits  for  each  poeitioo  of  tb^ 
key. 
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^Jlttet*fore  twice  the  force  exortad  by  the  fixe  J  coila  on  the 
■oapended    one.     These  dilfereni^es  and  their  square  roots  nre 
~      vn  in  tb«  following;  table.      The  mean  of  tile  Bi|uare  roots  is 
r^ia&ri?  root  of  the  diSorcDce  of  weights  which  would  have 
L  ahowD  by  the  mean  current. 


T.™. 

Diffemux  ot  WBigbta. 

Bq.  Root  ot 
mUenDct  at  Wolghti. 

H.    «.       8. 

4     19    30 

■897 

■9471 

4     24    30 

■900 

■9487 

4    29    30 

■904 

■9608 

4     34    30 

-90« 

■9518 

4     39    30 

■908 

■9629 

4     U    30 

■am 

■9629 

4    49    30 

■909 

■9634 

4    54    30 

■910 

4     59    30 

■910 

■9539 

Mean    -95171 

The  46  minutes'  interval  during  which  the  experiment  lasted  Correction 
-.viia  corrected  for  the  time  taken  to  work  the  reveraing  key.  forTitne 
This  was  done  by  carrying  the  main  current,  between  the  l^est  in 
battery  und  the  key,  round  a  reflecting  galvanometer  conaiating  Rs'eraals. 
'jf  B  few  turns  of  wire.  The  momentary  stoppage  of  the  cur- 
rent caused  the  needle  to  full  bai.'k  towards  zero,  and  froin  the  _ 
obeerveid  amount  of  the  corresponding  motion  of  tliD  spot  of 
light,  and  the  period  of  the  needle,  the  time  of  duration  of  the 
interrtiption  could  obviously  be  found.  Tlie  correction 
rendered  oecesaary  was  '063  second  for  each  operation.  This 
brooght  down  the  whole  interval   by   '6  second,  or  to  2G99'4 


The  depoeitE  were  wnslied  iromediniely  after  formation  firat  Waal 
with  alcohol,  then  with  boiling  water,  and  lastly  with  cold 
water.  They  were  then  left  to  soak  in  water  overnight,  then  1 
linsed  and  put  to  dry  in  ku  nir-butb  at  160°  C,  After  cooling 
over  a  dewecator  the  deposits  were  weighed,  then  were  heated 
ln»ri]r  to  redness  over  a  spirit  lamp  to  drive  off  traces  of 
adhering  salt,  then  cooled  and  weighed  again. 
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gi\la  of       Thp  followiDg  table  gives  the  resulta  of  llie  weighings  tiK\ 
«et  of  eiperimems  already  referred  to  : — 


Ltrgc  hmri,    IL 


If ormAl  Strength. 


SoullUMrL    1 
rnnintnM 


Before  deposit 
After   deposit, 

tirat  weigfaiog 
G«ia  .... 
Alter      fltroDg 

beating 


He&n  gain  1-0644  grunia 


TliDa  ttie  amount  of  silver  depusited  per  secori'l  is  1-0644 
269Q'4.  Dividing  tlie  mean  square  root  of  tlie  didereoce  ci 
weights  by  this  we  gei  v«/(ri>te  of  deposition)  c^  "95171  > 
2649-4/1-04G4  =  2413-7. 

'Die  mean  result  iif  several  series  of  eiperiments  war  to  gi^ 
nit  of  instead  of  tlie  last  found  number  2414-46.  From  tliis  tlie  valit 
of  tlie  electro-cliemii'ut  equivRlent  of  silver  was  deduced,  W' 
«  ?f     have  seen  Ihut  if  m  is  the  difference  of  weights,  we  have 

■y  = -0370484  *'^ 

If  a>  be  the  eleotro-chemicnl  equivalent  of  silver,  w 
the  rate  of  deposit  wy.    But 


^  Hence  as  iind  rcHuIt 
*  24l-J'45    y 


aiI4-45  X  -0370484 


HLECTBOLYSia  OF  SILVER  AS0  COPPEK 

r-i   stst^  in  llie  piper  ttint  Ihe  strenglh  of  the  nitrate 
i.-i  may  be  considerably  vark'd  williaut  nfft'ctinj;  tlie  reeult   . 
.   carrent  Joes  not  exceed  J  ampere  for  llio  37  aq.  cniB.  «rea 
nosit.     In  tbie  ense  a  4  per  cent,  solution  may  be  used.    ' 
.   currents  are  com  para  lively  Htrong,  the  solutions  aliould  be 
ii  15  to  30  per  cent,  in  strengtb.    Too  weak  a  solution  would 
pve   ■   Boroewliat  loose  depoait.      Currents  not  exceeding  1^ 
iwpere  c*D    be  conreniently  measured  by  running  thuni  for 
iliout  «  quarter  of  an  hour  through  a  strong  solution. 

^^Bt  gradaation  of  instruments  for  iiae  as  BtnndardB  in  prac-    ] 
^^^bUctricity  ia  now  carried  out  with  great  accuracy  in  Sir 
^^^BBi  Tbomson's  kborator^  by  means  of  the  electrolysis  of    < 
^^^K sulphate.     The  behatiour  of  tliia  aubstance  as  an  elcc-  b 
^^Hh^  and  hence  the  conditions  necessary  for  obtaining  con- 
^^wrt  reanlta  in  ita  ubb,  and  the  ratio   of  the  electro-cliemieal 
"■"'il^slent  of  copper  to  that  of  silver,  were  carefully  invesli-  ^ 
i  by  Prof,  T.  Gray,*  who  was  for  aotne  lime  in  charge  of  the 
lurtion  of  Sir  W.  Thomaon'a  standard  instnimenta,  and  a 
'f.  acconnt  of  bis  resulta  is  here  given. 

Smipsper  nn  the  "  Electi'ol jaia  of  Silver  ond  Copper,"  T.  Gray, 

'-  Hag.  Oot  18BS,  from  which  the  details  hero  given  are  moslly 

"Iwii.    Has  also  a  paper  by  A.  W.  Meikle,  EUelrUal  Engineer,  Mar, 


Fib,  S5. 
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A  fonn  of  ««11  "ff  cowTenienl  for  nse  willi  aulul 
wbetbei  of  taaoMM  vt  «lt«r  or  mlpbate  of  copper,  wkett 
fuiTgnt  ebvagUi  is  not  gnxti  than  10  niupereti,  i«  shoi 
Pig.  S5l  It  coBsbt*  of  three  paraJld  plates  of  pure  eiln 
p^n  capper,  tmyeadeJ  tron  Bpiine clips  in  a  glsEs  veaBcl 
MiniitE  tbe  proper  •otatMW.  lliia  form  of  cell  has  the  el 
tages  of  givtog  ligbi  pt**^  shich  facitit»te  the  arcti 
weJgliiBg  of  tlie  unonnt  of  1a«a  or  pun  of  metal,  i 
•Uowing,  whra  rilTer  is  used,  knd  ibe  siec  of  the  plat* 
pmperlj  praponioned,  the  loss  from  the  anode  to  be  used  ( 
ebeck  in  eMiimtiog  the  gain  on  the  katliode.  There  ft 
oonrae  the  objecliun  which  atienda  the  use  of  vertical  fi 


Fic.  S6. 


i 


tiiat  the  solution  becomcB  less  dease  near  the  kathode,  hot  11 
only  practical  effect  due  to  tliia  has  been  found  lo  be  a  iligU 
greater  thicknese  of  deposit  in  ibc  lower  part  of  the  plate  di 
to  the  Rreuter  density  there. 

Lord  Rnyleigh  lias  naed,  as  expUined  above,  as  voltaiceler 
platinum  bowl  as  kathode,  and  a  silver  plate  as  anode.  Tl 
cell,  though  it  has  several  ailvantagea,  haa  been  found,  nccoi 
to  Prof,  T.  Gray's  experience,  more  diflicult  to  maaipiil( 
n  that  here  described. 
LTlie  form  of  clip  or  plsleholder,  (is  ilUislrated  in  Fig,  ! 
t  explains  itaelf.  It  is  made  of  stiff  platinoid  or  fa; 
A  piece  is  taken  of  the  proper  length,  bent  into  a  d 
.it  the  middle,  then  each  half  wound  two  or  three  tT 


VOLTAMETEES 

a  rpii  of  metal  to  form  springs  m  shown,  and  tlie 

Pbent  round  to  meet  side  by  side,  and  there  solditreillo  n 
iecfl  of  brasa.     Tlie  aprings  when  soldered  in  positiog 
cause  Ibe  luop  lo  presH  ftnnly  aguiiiBt  the  bnvk-piece 
tofonn  D  Brra  clip. 

Bw  steina  of  the  two  outer  clips  when  in  position  are  c 
tod  by  a  croes-piece  a  of  copper.  Both  nre  insultiled  from 
inner  clip  by  u  hlwk  of  vulcanite  through  which  its  stem 
Nt.  This  whole  Brrnngement  of  cruBs-piece  and  ineulnting 
ik  is  fixed  on  the  tup  1/  uf  the  wooden  framing  showi 
[■So.  _ 

ilie  two  plates  attached  to  the  outer  oiipa  form  llio  anode  ofM 
laluolruJytic  cell,  and  the  pints  between  them  the  kathoda,  \ 
ikilliode  thus  gains  on  both  uides,  and  as  it  is  safer  to  ufifl 
igniu  than  the  lose  of  metal  in  eslimating  the  current,  the 
!ghl  of  the  pUte  itself  is  thus  maile  ae  eiunll  as  poaalble  iu 
npariaon  with  the  alteration  in  weight  to  be  determined, 
"      the  form  of  ceil  shown  in  Fig.  95  was  arrived  at,  it  has 

_^ ^proved  by  the  aubstilution  for  the  cover  i  of  a  rectangle 

!*aod,  well  soaked  IQ  paraffin  or  vuTDished,  wbii'h  carries  nn 
I  the  clips  for  the  anode,  and  at  the   middle  of  the 
VKile  side  the  single  clip  for  the  kathode, 
^en  currents  oi  over  tO  amperes  are  to  1 
;W1  shown  in  Pigs.  97,  98  is  preferable.    An  ine 
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made  as  shown  in  Fig.  99,  by  soldering  flnt  Etripa  of  s_ 
melnl  to  a  >t iff  base- pi«I^e  which  can  beecrewed  totheinEiila|( 
rim  »f  the  i^ell.  To  make  the  effective  nrea  of  the  plat 
great  as  possible  in  comparison  with  the  ineffective  partiV 
putt  nbove  the  1i(|nid  U  cut  away  to  two  narrow  stripe  c 
in(- th«  lower  part  to  an  npper  cross  bar  ^,  rf.  One  ena  f  ot 
this  tross-har  rests  in  a  clip,  the  other  in  a  notcli  in  the  inan- 
Inting  rim.  Anoile  plates  and  kathode  pUi«» 
■Itertiate  with  one  another,  and  there  is  one 
more  of  anodes  than  of  Itatho'ieB,  so  thnt  eicli 
knthode  is  between  two  anodes.  In  large  cells 
where  the  plates  are  close  and  liable  to  iaa<'li, 
they  are  kept  apart  by  two  F-sliaped  glow" 
tubes  hilng  over  each  alternate  plate. 
With  regard  to  the  sixe  and  preparation  of  plales  it  wit 
found  that  in  the  cases  of  both  silver  and  copper  there  IB  ^ 
certain  density  of  current  (current  strength  per  unit  of  area  of 
plate)  which  gives  the  most  adherent  and,  in  liie  case  of 
silver,  mo<it  finely  crystallina  deposit.  When  silver  la  iiinl 
tliere  is  a  tendency,  if  the  plate  be  too  large  or  too  small,  !u' 
the  crystals  of  deposited  silver  to  grow  out  branch-like  from 
one  plate  to  the  other,  an  effect  which  is  most  marked  wlietf 
there  is  a  sharp  edge  or  corner.  Hence  the  plates  must  hxvr 
their  edges  and  eornera  rounded  off  to  prevent  the  formation  ot 
these  •'  trees,"  which  cause  grtat  risk  of  loss  of  silver  from  iht 
plate  in  its  treatment  before  being  weighed. 

The  best  deposit  has  been  fonnd  to  be  obtained  with  a  solu- 
tion made  with  five  parts  by  weight  of  nitrate  of  silver  to  S5 
of  wafer,  and  a  kathode  plate  giving  not  more  than  600  sq.  cmt. 
nor  less  than  200  sq.  cms.  of  active  face  tn  the  ampere  of 
current.  If  a  stronger  solution  be  used,  the  density  of  curreiit 
may  be  eomewliat  increased,  but  the  strength  should  nott' 
less  than  4  per  cent,  nor  greater  than  10  per  cent. 

The  anode  phitea  should  be  considerably  greater  in  area  thftn 
the  kathode  plates  if  their  surface  is  to  remain  bright  anil 
moderately  hard  so  as  to  admit  of  the  plates  being  weighed  if 
necessary.  The  density  of  the  current  for  them  should  he  leei 
than  one  ampere  to  400  sq,  cms. 

If  the  anodes  are  of  rolled  sheet  silver  the  surface  skin 
should  he  polished  off  with  line  silver  sand,  and  the  plate  washed 
in  distilled  water  before  being  used ;  as  olherwiso  tlie  silver 
would  be  dissolved  away  from  under  the  skin,  which  wouW 
han;  as  a  loose  sheet  ready  to  break  away  when  the 
moved.  A  plate  of  silver  becomes  soft  and  in< 
repealed  use  as  an  anode,  owing  to  solvent  action  going  f 
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surface,  and  to  remedy  tliis  should  be  heated  after 
^  used  o»ch  time  to  a  red  heut  in  llie  flame  of  u  spirit  lamp. 
The  following  mode  of  Creating  silver  platea  has  been  found  Trestmen 
rei7  giicceasful.  Tlje  plate  cut  from  the  new  sheet  lias  its  ofSUvtr 
camera  firat  rounded  and  smoothed,  then  ia  polishe<l  with  finn  FUtei^ 
lilfer  sand  in  water,  ruhlied  on  with  a  soft  clean  pud  of  ulutii, 
10  u  to  remove  tlie  skin  above  referred  to,  and  still  leave  u 
•mwth  surfttce.  A  gentle  stream  of  clean  water  is  then  run 
"•(r  llie  surface  from  a  tap  to  remove  the  sand,  neit  the  plate 
i<  vaelied,  first  with  clean  soap  and  wntor,  then  witii  water 
>l«iie,  then  immersed  for  a  few  minutes  in  a  boiling  solution  of 
CFiaide  of  polMsi>iin,  and  finallj'  washed  thoroughly  in  a  stream 
»f  cle«n  water.  The  plate  is  dried  in  a  current  of  hot  nir,  fur 
utmpla  before  a  clear  fire  ;  and  great  care  must  be  tnbeii  in 
ludling  it  after  it  has  been  cleaned  not  to  touch  it  with  the 
ilifen.  otherwiae  the  parts  vhich  have  been  in  cunlact  uith  the 
kin  will  receive  no  deposit.  Of  course  the  plate  niunt  be 
Uowed  to  oool  before  it  ia  wei|;hed  to  obviate  risk  of  diatur- 
■nc«  from  air  currenla  in  the  balance  case. 

When  the  silver  deposit  is  to  be  washed  and  weighed,  the 
l*tM  are  gently  removed  by  eafllng  the  sprines  to  prevent  risk 
[  rubbing  off  metal  by  the  friction  of  the  clips,  then  dipped 
tntiy  in  clean,  recently  distilled  water  contained  in  a  glass 
tMel,  so  that  any  amajl  crystals  which  may  fall  from  llie  plate 
ay  be  detected.  The  adlierent  nitrate  solution  is  tiius  to  n 
-est  extent  removed  ;  and  the  plates  ure  then  laid  in  the 
tttom  of  u  sbaltow  glass  tray  contaiuing  clean  distilled  water, 
id  washed  by  gently  tilting  one  side  then  the  other  of  the 
ly  BO  as  to  make  the  water  flow  gently  over  their  surfaces, 
len  they  are  waahed  in  a  second  tray  in  the  same  way,  and 
owed  to  scale  for  a  quarter  of  an  hour  before  being  dried. 
To  dry  the  plates  one  corner  is  laid  on  a  pod  of  blotling- 
p«r  and  the  greater  part  of  the  water  drained  off.  The  plaie 
then  dried  by  liolding  the  upper  end  in  a  spirit  flame. 
The  rlectrutyais  of  copper  sulphate  with  copper  anode  and  EiH;(r<i. 
ihode  gives  results  which  for  very  high  accuracy  in  standard-  JipBia  o' 
ng  are  but  little  if  any  inferior  to  those  obtained  with  silver  :  Copper 
r  toott  practical  purposes  results  quite  accurate  enough  can   Sulphate    I 

obtained  with  much  less  experimental  skill  on  the  part  of  the 
ermtor.  Repeated  experiments  made  in  the  Physical  Labora- 
■y  of  the  University  of  Glasgow,  in  connection  with  the 
wluatiou  of  Sir  W.  Thomson's  standard  '     '  -    -  ■     -  - 
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shown  Uiat  uniler  rertaJo  easily  fulfilled  conditiona  the 

of   atandnrdizing   by   the   cleetroljsis    of   copper    eulpliate  i 

pBTfe<;tly  sccurKle  lad  tnigtnorthy. 

The  size  of  plates  ih  not  of  bo  great  importance  as  in  the  cim 
of  Hilver,  but  the  knthode  plate  for  the  best  reeulttt  m  long- 
continued  eleetrolvses  should  have  about  &)  cuib.  of  nctiv« 
eurface  or  apwarda  per  ampere.  When  the  current  is  of  siuili 
density  deposita  are  obtained  which  are  mncb  ruore  solid  mni 
adherent  than  those  of  silver,  and  tlierefore  much  more  eiisi!} 
dealt  with.  As  in  the  ease  of  tiilver  the  anode  should  beof  tnudi 
greater  area  tlmn  the  opposed  surface  of  the  kathoile.  Wiih  « 
density  of  current  of  upwards  of  ^  of  an  ampere  persq.  cm, 
th»  resistance  at  the  anode  becomes  variable  and  very  coneider- 
able,  sometimes  almost  Btopping  the  current,  which  after  a  Htile 
with  evolution  of  gaa  at  the  unode,  regains  nearly  its  forinu: 
strength. 

It  was  found  by  Prof.  T.  Gniy  in  the  experiments  nhovi 
referred  to  that  satiNfnctory  and  concordant  reaulla  could  bi 
obtained  willi  a  solution  of  any  ordinarjr  pure  commercia 
copper  sulphate  made  with  pure  water,  provided  the  density  dii 
not  full  below  1*05,  and  llie  solutions  were  made  slightly  mor 
acid  than  in  their  normal  slate.  An  addition  lor  example  of  ^ 
per  cent  of  sulphtiric  acid  to  different  solutions,  which  gcv 
reeullA  differing  among  thcmsetvea,  brought  them  into  conrplet 
accordance.  The  Iofb  of  weight  which  is  well  known  to  lak 
place  when  a  copper  plate  is  foft  standing  in  a  copper  sulphal 
solution,  was  also  carefully  investigated.  This  loss  it  wns  fouD 
seldom  exceeds  j^g  of  a  milligrvmme  per  so.  cm.  per  hoar,  < 
about  11^  of  that  wliicli  would  he  deposited  by  a  current  i 
one  ampere  per  50  sq.  cms.  When  the  current  density  : 
smaller  than  this  the  Ions  is  nearly  the  snme  as  when  no  curr«r 
flows.  The  effect  aofnied  to  have  n  minimura  for  a  density  ( 
solution  between  I'lO  and  1'15,  and  seemed  for  this  dcusily  t 
bo  rather  retarded  than  the  revetse  by  tLe  addition  of  a  smt! 
percentage  of  free  acid. 

The  kathode  plate  having  been  cut  and  rounded  at  the  cornet 
is  polished  with  Hilvcr  nand  iu  the  same  manner  as  the  silvi 
plale.  It  is  then  placed  in  the  cell  and  a  thin  coating  of  coppc 
deposited  over  it,  while  the  current  (if  a  large  current  is  to  *• 
need)  is  adjusted  to  its  proper  alrengti  by  placing  lesislance  i 
the  circuit.  The  plalo  is  then  removed,  washed  in  clean  wsU 
and  dried  before  a  clear  fire  without  being  Bensibly  healed.  An 
defect  in  the  firat  cleaning  will  be  shown  by  the  deposit,  and  i 
no  such  defect  is  shown,  the  pinte  is  weighed  and  replaced  i 
the  cell  for  the  continuation  of   the  electrolysis.     If    feebl 
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s  &re  to  be  nte<\  tlim  preliminary  adjustment  is  hanJIv 
ijy,  oa  il  ia  preferable  then  to  use  a  Isri^er  number  of  celli 
-e  absolutclj  necessnry  to  produce  t)ie  current,  nud  bring 
be  current  tu  tbe  neeesBiiry  sirengtii  by  adding  an  amount 
■SiBtance  wbidi  ciui  be  easily  enough  estimated. 


/ 
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Ipr  the  dectrolygis  llie  p\at<!%  are  carefully  remoted  and  at    , 
dipped  in  ordinary  (not  neueBoarily  distilled)  clean  waier, 

lining  two   or  tlire?  drops  uf  aiilpliuric  acid  per  litre,  tben 
■d  in  a  tray  tike  tbe  silver  plates.     Tlie  plates  are  then 
'  '     clean  water  witliout  acid,  and  dried  lirat  in  u  clean  pad 
blotling  pnpLT,  and  then  before  a  fire  or  over  a  spirit    : 


ed  il 
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lamp.  If  tbiH  is  carefully  done  and  the  deposit  be  fairly  (_ 
no  (topper  will  be  lost  and  there  will  be  no  gain  of  wdghtfe] 
oxidation.  The  plates  may  he  neighed  after  having  beeE 
allowed  to  cool  down  to  the  ordinary  temperature. 

The  onotle  plates  are  treated  in  a  similar  luaaoer  (except  a< 
regards  the  drying  in  a  blotting-pad,  which  might  cause  Iom  o< 
silver)  without  low  of  copper,  or  gain  by  oxidation,  bat  owing 
to  loss  of  weight  ill  the  solulion  4c.,  they  give  much  \est 
satiafaclory  results  than  do  the  kathode  pUtee. 

The  arrangement  i/f  the  circuit  for  electrolytic  csperiineirlg 
ConBists  of  a  battery  of  tray  Uaniella,  or  other  i-onsUnt  celU 
joined  in  series  with  tbe  electrolytic  cells  to  be  used,  a  aensitiv* 
galvanometer,  and  a  rheostat  (or  oilier  readily  variable  retia 
btnce)  by  which  tlie  rurrenC  is  to  be  regulated.  The  cufrent  £ 
adjusted  so  that  a  convenient  deflection  is  obtained,  which  3 
restored  by  slightly  turning  the  rheostat  in  the  proper  direction 
if  any  alteration  tskes  jilace.  The  conduct  of  an  psperimeK 
will  be  understood  from  the  description  of  the  process  of  nlax 
dardizing  gii^en  below. 

From  Lord  Rayleigh's  result  for  the  electro-chemical  equivi 
I  lent  of  silver  {see  p.  416  above),  namely  that  a  coulomb  deposi 
■001117'J  gramme  of  silver,  very  nearly.  Professor  T.  Uray  ba 
determined  hy  comparison  the  electro-chemical  eqnivaleni  4 
copper,  and  found  it  to  bo  very  Bpprosimstely  -0003287  (or  fi 
practical  purposes  -0003290)  at  ordinary  temperatureSj  and  wSI 
a  current  density  of  one  ampere  per  50  sq.  cms.  of  stttive  surte* 
of  kathode.  This  number  can  lie  corrected  for  other  ourrei 
densities  by  the  dotted  curve  given  in  Fig.  100. 

Tlie  results  from  which  this  curve  bas  been  plotted  are  giv€ 
in  tlie  following  Table. 


■3534 

■3534 

-3530 

■3628 

■3530 

■3526 

■3527 

■3624 

'3621 

■3503 

■3602 

STANDARDIZING  BY  ELECTKOLY8I3 

Til*  *Wecl  of  vBrinlion  of  lempernture  *  on  tlie  amount  of 
i-lineriioposited  has  been  foiitu!  by  Mr.  A.  W.  Meiltle  to  I*  ver)- 
-liaM  U  on!in«ry  [cmj>erittur«8 ;  for  a  clinnsi'  from  12^  C.  t" 
-J*'  C.  it  is  8  diminiition  for  s  given  eize  of  plale  of  only  |*,t  per 

Al  leinperatures  risini;  above  20°  C.  the  effect  of 
"»  ol  plate  becomes  more  »nd  more  impartant. 

tb«  k^plicatign  of  etectrolyKJB  to  the  MaDdiudmng  of  inntni- 
iMnte  vilj  now  be  itiuatnited  by  ■  abort  account  of  its  njiplicalion 
lo  Iha  delcrutination  of  the  proper  weiglifa  for  use  in  Sir  Willinm 
Tiionnon'i   stanilani   piiirent   balances  descrihod    nbovf.      TliH 


juigement  of  apparatus  ia  abown  in  Fi;;.  101,  which  rnny  be 
a  plan  of  the  standardizing  table  with  instrumentB  in 
C  C  C  C  C  C  are  six  of  the  Electric  Power  Storage 
'b  secondary  cells,  abown  joined  in  Burips,  by  being  connected 
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to  n  KGrtes  of  mercury  cupl,  m,m,  ,  .  .  which  are  connwjlml  » ^ 
by  thick  copper  rodB  an  indicateil  by  the  tul!  kdiI  doUed  liaH 
(These  cupa  are  on  a  vulcanite  hase.  and  have  botluins  of  l"-'-* 
copper  to  ensure  conluct.)     When   however  ciirrenli 
Ktrenpth   are    reiiuired    for   the   i5""lu»tioii   of   low 
inatruiuentH,  theHO  cups  are  joined   in  pftrallel   by  two  rints  d 
copper  which  have  teetli  at  the  proper  diatanoB  opart  to  fit  int^ 
the  cups,  BO  aa  to  join  all  io  eacli  row  to^etber.     Tl 
fully  charged  and  thus  jiiiiied  in  parallel  will  maintain  a  ciu 
of  200  Hiiiperea  for  10  hours. 


Tia.  lOZ. 


ArraiiKc-         The  terminal  oupH  of  the  conimutating  board  areaho 

meot  of    tn   a  dial  rib  iiting  ^oard  provided  with  cupa,    1,  S,  . 

Appantui  wluch  the  battery  ia  put  in  eeriea  with  a  rheugtut  It,  in  pnrBllef 

arc  with  a  set  oC  conductance  bitrs  D,  a  galvanomL'ter  G,  n  pair 

of    large   electrolytic  cells  joined   by  d  movable   cup   Af,  and 

liriBlly  the  balance  S  to  be  Btandardii-.ed.     The  conductance  bars 

Coudiict'    are  constructed  ns  shown  in  Fig.   102.      Rode  of  platinoid  t 

flUDA  Bam.  thickness  according  lo  the  conductance  required  nre  bent  tl ' 

f^-ehape   aa  shown,  and  the  limbB  held  at  proper  dixtances  a; 

by  wooden  blocks  nt  interrals,  or  by  a  strip  of  wood  r 

along  their  whole  length,  according  as  the  rods  are  tliick  or  tl 

The  length  of  rod  in  each  U  is  about  4  metres,  and  the  thicknfll 

'loeeu  Buch  that  one  or  two  volts  difference  of  pote 
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liioes  very  Utile  henting  of  ths  wire.  The  trounlif,  II  (Fig, 
■re  inadi;  with  bottoitiB  of  tliiulc  coppur  und  (.'oiitoin  in?rcLir)> 
which  UiQ  enils  of  the  t<n\»  (or  tbirk  cupper  piect^x  saMered  tu 
if  Ihin)  rtat  pressed  down  by  tlieir  own  *eighr.  TLe 
Ua  beginniDj^  from  one  side  are  grndualed  so  ae  to  have 
lictances  iiearlj'  in  the  ratios  1:1:2:4,  Ac,  bo  ihat  the 
conductance  in  tliB  set  may  be  increased  at  will  by  a  step 
(■lual  to  llie  lowest  conductance  (since  each  oodiictance  is  tbiit 
•iiujnnt  gre^iter  than  the  sum  of  all  that  precede  it  in  the  «eri«H). 
^'ben  tvy  bar  is  not  in  use  its  lower  endii  are  lilted  out  uf  llie 
Uougha  ni  shown  in  the  Figure.  Tlie  rhenslat,  which  lias  a 
I'M  cnndnctance  ralh«r  lens  than  liiat  of  the  Binallent  bar, 
fwiiahas  an  auxiliary  variable  bar  by  which  the  conduclanvc 
i^n  lie  gradually  altered.  Its  wire  is  of  Btiiinded  cupper  and 
Ml  amy  10  umperes  witl.out  Homage. 

The (.'Urrent  balance  has  previously  had  its  scale  graduated  Detenni- 
*nd  sitached  as  described  above,  and  it  remains  only  to  »liow  uation  o{ 
W  tlie  conetant  of  the  iiietrumenl  \a  determined,  or  in  otlier    Constant 

['''nrda  the  weight  which  placed   on   ibe  beam  wiil  enable  llje  of 

^nrrcnt  to  be  obtained  from  its  indications  in  tbemnnnerDlreuily    BalHnoe.  j 
"^•cribed  (p.  409).     A  chosen  arbitrary  counterpoise  weight  is  J 

ploced  in  the  trough,  and  another,  which  then  just  brings  The  I 

I       i*»ni  to  the  sighted  position  without  current  wlien  at  tlie  zero  ^k 

''(  tl:e  scale,  is  placed  oQ  the  beam  with   the  index  at  some  ' 

''^i^on  near  the  right-hand  end  «o  that  a  current  of,  oay,  10 
""iwres  (more  or  lese  uei-ording  to  the  iiiefrumont)  is  required  p^  , 
'■'  bring  the  beam  to  the  sighted  position.  The  eloctrolytio  lells  JQEigptjo. 
"■^  Iheo  arranged  to  give  about  500  sq.  cms.  of  kathode  Burfiice,  i^^.  _ 
"ii  are  joined  up  with  a  conductance  sufficient  to  give  nearly 
''it<  required  current  The  balance  will  come  nearly  to  zero,  and 
'<  kougbt  to  zero  exactly  by  adjusting  the  current  by  means 
"f  the  rheostat.  These  adjustmentB  liaving  been  made,  the 
Ulliode  plates  are  removed,  washed,  weighed,  and  replaced.  At 
<iu  instant  ubserved  on  an  accurate  time-keeper  the  circuit  is 
i-luseii,  and  any  deviation  of  the  current  corrected  by  means  of 
the  rheostat  The  current  is  brought  In  its  correct  value  in  from 
fire  to  ten  Keconds,  and  hence  in  an  electrolysis  uf  suy  an  hour 
(the  usual  duration  of  an  experiment)  ihe  error  due  to  its  deviu- 
lioD  from  the  linal  conutunt  mine  for  this  short  variable  period 
is  qnile  imperceptible.  Any  variiitions  of  the  current  atrengtb 
are  observed  on  the  instrument  itself,  or  if  (which  rarely  happens) 
thfit  is  not  sen^itire  enough,  on  a  more  sensitive  gnlvanometer 
ff  (Fig.  101),  which  is  introduced  when  required,  and  ki-pt  outof 
cirpuil  at  other  times.  Any  sufficiently  sensitive  instrument 
n  have  its  (not  necessaiily  known)  oonstaat  changed  by 
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any  rBijuired  amimnt  by  varying  tha  field  at  the  needle,   or  by 
iiBin^  uii  inaCrumeat  provided  with  two  pnrallel  coils  with  th<^ 
needle   mldwny   between   them,   nnd    arriiTiged    to   permit   the 
diatnnce  nf  the  coils  apart  to  be  oltered  at  pleaiiure,  le  convenient 
for  ihia  purpose. 
ChIcuIq.         The  eleotrolysiB  having  thus  been  carried  on  and  completed, 
tiou  of     the  circuit  is  broken,  and  tlie  plates  washed  and  weif^lied.     The 
llcnm  and  current  is  raleulatRd  from  the  result  by  dividini^  the  gain   of 
Counter'   copper  on  the  kathode  expressed  in   grummeE,  by  Ilie  eleclru- 
poisB       chemicftl  equivalent  of  copper  (-0003287,  or,  as  explained  obove, 
W  oigUta     [jie  proper  value  for  the  density  of  current),  and  the  result  by 
the  niuiiber  of  seounds  during  which  the  eleotroiysis  has  laGteri. 
Let  C  he  the  current  for  the  position  of  the  weight  on  the  betiiii 
aa  given  by  the  table  of  doubled  square  roots,  Wj,  iffj,  the  cor- 
responding counterpoise  and  beam  weishts  respectively,   ff  the 
current  given   by  the  electruh'sis,  w\,   k>',  the    ccunterpoliie 
weight  aud  beatn  weight  applied,  then  v;6  have 


C 


M+-Ms 


r   oonstaatB.     But   w./sij  =  ufil'B'i ;    hence   tbia 


Thus  ir^  Wjare  found  by  multiplying  the  ratio  C/C^by  u'j,« 
respectively,  and  the  determinution  is  complete. 
Arrangi-         When  a  very  strong  or  a  very  weak  currant  is  required,  i 
mi-nt  for   the  graduation  of  a  bektoampere  or  <l  centianipere  hulance,  it  I 
SlTnhfi  or   desirable  in  the  former  case  to  sllow  the  whole  current  tu  fltP 

Wmk  through  the  inatrument,  and  only  a  convenient  part  through  ti 
CuirentB.  eleotrolylic  cell,  and  in  the  h.lter  case  to  use  a  crmsideral' 
greater  ourrenl  through  tie  electrolytic  cell  than  through  I 
instrument.  The  current  muat  therefore  bo  divided  i  '  " 
tlieso  cases  into  two  parts  whose  ratio  is  ucouralely  know  , 
this  nmy  be  done  by  the  conductance  bridge  shown  in  Pig.  Ifl 
A  set  of  parallel  straight  wires  of  platinoid  are  each  solde^ 
at  one  and  to  a  thick  terminal  bar  of  copper  6,  and  havi  . 

[o  them  at  the  other  ends  thick  terminal  pieces  of  copper  1 
which  they  can  be  connected  in  two  groups  by  moHun  of  mercid 
troughs  6j,  £,.  In  the  figure  they  are  shown  in  two  groupa  I 
10  and  1  respectively. 

The  wires  arc  adjusted  so  that  when  they  nre  in  position  t 
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hsv«  all  preciHel;  the  tame  resistance.     Between  tlR>  IroiigliH 

6f,  ij,  a  •cnsilive  reflecting  galvanometer  (see  Vol.  I.  p  3fi7)  //  jb 

--'ined  wliicli  indicales  no  cuiTtnt  when   £,,   6^  are   at  tiie  naine 

i-'ti^ntial.     The  electrolytic  cells  E,  E".   und  the   inHtninient   G 

<  he  sUndardizeil,  are  placed  as  shown  in  the  figure  when  the 
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standardizing'  current  mnst  he  greater  than  tlint  which  the  cells 
can  carry,  and  the  puaiiions  ehowii  are  interchanged  when  the 
reverse  is  the  case.  The  currents  are  adjusted  to  baliiDLe  in 
both  cases  by  the  rheoBtaH  R,R.  The  currents  are  of  course 
in  the  ratio  of  the  conductances  of  the  groups  r,  i'  of  the  wirea 
of  the  bridge. 


^n-i 


'ERUIlfATION  OF  ELECTROilOTlVE  FORCES  OF  CELLS 
AND  QRADUATtON  OF  VOLTMETERS 

current  known  in  absolute  meosure  flows  through  a 

e  the  difference  of  potential  between  Ihe  termi- 

iisln  of  the  resistance  is  also  known.     By  meima  of  this  known 

difference  of  potential,  which  may  he  varied  at  pleasure,  n  voll- 

"'     iter  may  be  gradunted.     A  voltmeter  of  any  type  is  an  inatni-    potantinl 

ent,  the  rBsistonce  of  which  is  so  high  that  the  attachment  of  Meajtariu;; 

■  teitniosls  to  two  points  in  a  conductor  carrying  a  current      Instru- 

m  not  perceptibly  cnanire  ihe  difference  of  potential  formerly    mentra 

^tlng  between  thesepoints.    Of  course  every  ahuolute  galvo       "'"■ 

meter,  Blectrodynamometcr,   or   standard    balnnce   measure 

Biffereneea   of   potenti'il,   for.   if  its   resistance  is   known,  the 

~        :e  of  potential  between  its  tern 


1  be  calculated 


from  Obni'a  law  j  bat  the  coovonienco  of  k  voltmeter  especial 
made  wilh  a  high  resistance  coil  is  that  its  terminals  may  t 
upplied  at  any  two  points  in  a  working  circuit,  and  thediSerenC 
of  (Kitential,  thus  culrulaled  an  existing  between  tliese  two  poitt 
while  tbe  terminals  are  in  coDlact,  maj,  in  most  cnsea,  be  tab 
as  the  actual  diSerunce  of  potemjal  which  exists  between  t~ 
same  points  when  notliing  but  the  ordinary  conductar  cot 
them.  For,  let  F  be  this  actual  difference  of  potential  in 
let  r  ohms  be  tbe  equivalent  resiBtaiice  of  the  whole  c 
between  the  two  points  and  Ji  ohms  the  resistance  of  the  ^ 
meter.  Then  (Vol.  I, p.  161)  hy  tbe  application  of  ^  Tis  " 
ished  in  tbe  ratio  of  ^  to  Ji  +  r,  and  therefore  the  differ 
potential  between  the  ends  of  the  coil  is  now  FJi/(B  -f 
Hence  by  Olim's  law  we  have  for  the  current  through  t 
galvanometer  tlie  value  F/Rfl  +r/Jl).  If  r  be  only  a  small 
fraction  of  N,  r/R  is  inappreciable,  and  the  difference  of  potential 
calculated  from  the  eqnatioa  C  =  FjR  will  be  nearly  enough  the 
true  value.  Si)  far,  it  is  to  be  observed,  t  is  the  equivalent^ 
resistance  between  the  two  paints,  and  the  result  stated  faol 
however  the  electromotive  force  may  have  its  sea 
if  only  R  be  great  in  comparison  with  r.  If,  however,  either  <i 
the  two  parts  of  the  circuit  between  the  two  points  in  questit 
liaire  a  resistance  r'  small  in  comparison  with  It-,  then,  as  can  I 
easily  proved,  the  value  of  the  difference  of  potential  betwec 
the  terminals  of  r  is  practically  unchanged  by  the  '  "'' 
as  a  derived  circuit. 

Tlie  voltmeter  has  its  terminals  sttached  to  thoxe  of  the  reui 
ance  through  which  the  current  is  8owing  ;  or,  if  the  standK) 
measuring  im^trument  is  sensitive  enough,  the  measured  c 
is  sent  through  the  voltmeter  itself;  and  readings  of  iveedle 
other  indicator  are  taken.  In  eitlier  ease  tlie  readings  a 
portional  to  the  diiferenco  of  potential  between  the  term 
the  instrument,  but  in  the  former  arrangement  the  difference'^ 
potential  is  equal,  in  volts,  to  the  current  in  amperes  flowi 
through  the  resistance  multiplied  by  the  value  of  the  reBietan 
in  ohms,  in  the  latter  the  difference  of  potential  is  equal  to  t 
measured  current  tliroiigh  the  voltmeter  into  the  resistant 
between  its  terminals. 

If  the  scale  of  the  instrument  does  not  follow  any  known  law 
it  is  necessary  to  determine  by  direct  experiment  the  electra 
motive  force  corresponding  to  different  defleutiona  and  thus,  • 
to  speak,  calibrate  tbe  instrument.  To  do  this  the  most  coi 
'  ff'  plan  is  to  divide  the  scale  accurately  into  equal  divisiol 
^lamber  these  from  zero  at  the  position  of  equiltbritii 
MUrrent.    Then  tbe  current  measured  by  the  *tandi| 
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nival) otneter  in  varied   conveniently  by  introducing  r 

I  the  clroiiit  by  a  rbeoatat,  and  tbe  deflection  obflcrvetl  for 
rerul  itiffervnt  values.  Tlio  corresponding  differences  of 
t«nlial  are  llieu  plutted  on  squared  piLper  ns  ordinates  for 
Itich  the  niiniberof  divisions  of  the  deflections  are  ihe  corre- 
)onding'  abadsBte.  A  curve  is  then  cnrefuliy  druwn  through 
Kb  extremities  of  these  ordinales,  nnd  the  ordiimte  of  this  curve 
IBwn  for  «iiy  chosen  abschsBn  will  be  tbe  difference  of  potential 
JT  thm  (leBoction. 

[  For  verifying  tbe  accuracy  of  tbe  grediiatio' 
nimentE  when  performed  by  eitber  of  thei 
lUially  performiug  Ibe  graduation  when  other 
inr«nient,  some  form  of  voltaic  cell  of  knov 
bree  nifty  be  used. 

1.  As  Ihe  result  of  many  carefnl  experinienta  made  by  Lord  . 

layleigli  and  others,  it  baa   been  found   that  the  most  reliuble    Stnndi 
Iftndanl  cell   is  that  proposed  by  Mr.  Latimer  Clark.     When        Cell. 
"  'n  precautions  are  taken  in  its  pietinration  the  electromotive 
I   of   different   specimens   are  very  nenrly  ibe  eame,   and 
D  constant  for  a  long  time  provided  care  is  taken  to  prevent 
9  than  a   very   (eeble   current   frum   ever   passing  through 


1  of  the  potential 
9  methods,  or  for 
jethods  tire  not 
n  electromotive 


The  eel)  mny  be  made  in  a  reliable  and  handy  form  i: 
"following  way,  which  includes  the  precautions  that  Lord  Ray-  Sctti  ., 
leig-h's  expencnce  *  has  shown  lo  be  necessary.     The  vessel  is  a      Clark 
weighing  tube,  or  for  small  sizes  merely  a  test-tube,  with  a      C«lla, 
{datiaum  wire  sealed  through  the  bottom,  and  rests  on  a  suitable 
_  Stand    as   shown   (Fig.    104).      This   wire   makes   contact   with 
Krriiry,  whicli  occupies  the  bottom  of  the  cell  und  forms  one  of 
'  e  plales.     Tlie  roercary  must  be  pure,  and   it  is  desirable  to 
lanre  its  bein^  so  by  redistilling'  in  vacuo  good  clean  commer- 
Ul  mercury.    Un  the  mercury  rests  a  paste  made  by  adding  to 
SO  grammes  of  mercuroua  sulphate  5  K'""intnsH  of  zinc  carbo- 
Iktv,  and  sufficient  saturated  zinc  sulphate  soluiion  to  give  a 
Uff  pasly  consistency. 

I  The  einc  sulphaio  solution  should  be  made  from  pure  zinc 
inlpbale  dissolved  under  gentle  heat  in  distilled  water  so  as  to 

•  See  Lord  RnvlcigU  nnd  Mrn.  Sidgwick's  pnper  On  "is  Elcdro- 
enieal  Eatiir^iUiU  of  Silver  already  nited  {Phil.  Tmiu.  Part  II. 
1984),  alao  Lord  RnyUigb  on  Ihe  Clark  Cell  a>  a  Standard  of  EUa.ro- 
*ivt  F<rrca  {Phil.  Trans.  Part  II.  1889).  These  papers  contain 
(tienlva  of  the  method  of  determining  tbe  pUctromotivB  force  of 
•rk  Cells,  and  the  [slter  eapneially  ditsils  of  the  mode  of 
\%  them,  uf  which  nn  abitiaet  is  given  beluw  in  the  text. 


STAXDASDIZISG  OF  THSTBUVENTS 

B  a  ntnnUMl  soloiinn,  and,  after  having  been  allowed  I 
'  *     tome  lime  to  precipitale  soy  iron  which  may  have  h 
n  tlie  Bu])>hale,  filtered  io  k  warm  place  into  a  Stat 
,  Wh«n  nquiKd  the  aojiiiinn  is  gentlj  waniiMl,snd  dr«n 
J  a  RpUon  from  just  abore  tli«  cr^'stala  at  the  buttoin. 
'a  made  by  plat-ing  tbe  mercuroas  sulphate  and  ainc  ci 
naie  >□  a  mortar  and  rabbiog  in  the  zinc  sulphate  at  inter 
doling  two  or  three  days,  lo  give  time  for  all  cnrhnnic  a 
paaaoBl 


A  rod  of  what  is 
and  held  upright  ii  .  _ 

the  other  plate.  The  sine  is  cleaned  before  putting  it  in  poail 
by  dipping  it  in  Bulpburic  Qoid  and  then  washing  it  in  distil 
water.  Connection  with  it  ia  mnde  by  a  gutti-percha-COvB 
copper  wire  soldered  to  it,  nnd  passed  up  through  a  cork  wh 
cloies  the  cell  nnd  nearly  fills  the  upper  part  of  it  so  that  t 
little  HIT  is  iDcluded.  The  cork  is  flush  witli  the  top  of  the  tu 
and  the  eilges  of  the  tube  and  the  whole  tipper  surface  oft 
'  ia  covered  with  marine  glue  to  seal  up  the  cell. 
jell  thus  made,  if  used  with  only  the  feeblest  ourrents,  as 


ft-drc«iled, 

tutp  f  C.  given  acciirdiug 
"  a  (if  1  B.i  u 
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or  exposed  to  gn<nt  i 


3  Lun!  Il^leig'h  anil  Mrn.  SirigW! 
lit  =  D8S6  oliin )  hy  the  oiiialion 


ff=  l'J345il--00077(<-l6)} 


(84)- 


Tlie  mstliod  employed  by  Lord  Hayleieb  und  Mrs,  Sidgwick  in  Detcrmi- 
■  decenuinntinn  of  llio  eleclroinutive  forue  uf  llie  Cliirk  coll,  nation  of 
-li  Uie  inetliod  of  uiiing  the  cell  for  purposes  of  graduation,  K.M.F.  (if 
'ill  be  Qiideratood  from  Fig,  93.  (For  convenieocQ  Fig.  93  ClatkOr*" 
here  repttiited.)    Two  Leclunoh6  cella  Sf,  »nd  I 


e  julned 

[G»  in  one  of  wliiuli  w;ls  pin 
to  be  (eated.     Tbese  wires  ion 


led  with  1 


irfull  of  M  including  q  mercury 
roflecting  gulvanomoler  T,  uud  u 


■  i  broncli  of  the  t 
.    .^y  Q.  «  Tiiomaon 

.: ^  ut  1000  olima, 

1  ri  U.c  e:irlier  experimenltt  tlie  galvanometer  liiiil  jji  its  coils  a. 
:■  -itiLanou  of  about  200olims,  but  in  luter  detemiinHtiuns  il  whb 
.  r-'vided  with  a,  coil  contoiDinga  much  greater  length  of  wire,  so 
.3-.  a  tiiglicr  Mmdhility  was  obtaiaed. 

Tlio  oilier  ftrrangementB  coaneclad  with  the  circuit  are  thu 
.itery  A,  tbe  ToltametefB,  and  thp  current  weighat  as  deseribed 
'QXe    (p.  398),     One  eitrumily  of  A   wus  connected  to  earth  ^^ 

The  miin  current  froia  A  after  traversing  the  voltameters  and     Pogaen- 
,  rent  weigher  pauses  tliro.igh  Ihe  reeisUnce  R  back  to  A.    To      Jorffi 
v«nt    undue  liMliag  by  the  electrolysing  current,  which  was  ComfmnMi- 
rit   1  iinipe«,llierBBi«tiince  if  was  constructed  of  bare  gennnn     ..^J", 
..,-  ,.  ir.v  wrapped  round  n  frame  of  two  parallel  ebonite  rods 
.  I  ;   liy  woudoa  hara,  and  was  provided  with  stout  copper 
xviiicli  realed  on  the  copper  bottoms  of  tups  H,  K  filled 
■  iiry.    aita  rsBistance  R   wns   4-00699   B.A.   unirs   at 
lino   wotoorrected  tor  (ho  difference  between  17*6  C. 
;  ,!,.>  l«inperBlun,  of  u.^  „lraosphero,  and  alao  fur  healing  pro- 
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.■■,■:■  V  :'  ■■   '  ::■•.-•.     It   v.  ^-   f.i;::(f   (b,il   a  currectinK  ftetor 
r. il  '  '.I:     ■  ■    ■■■■:\-  ;  ;  ■  ;  il;.  :i.:.ontji  ,.ftlio  latior  effect, 

li;  ;;...■  !:-M  .i-:.  :■:..:■. ;i;:-.!.stii^  l,:i:i.-ry  .1/ «-»s  nul  used  and  lljf 
clLttruiiioiive  f.ircL-  uf  I'  was  balanced  by  tlie  differeoce  of  polen- 
til)  eiistitig  betnecD  ita  terminals  M and  E.  Tbe  adjuHtmeDt  t« 
balunce  was  mniie  by  plauing  a  higli  resistance-box  id  multipl* 
lire  across  R,  between  It  and  A',  and  unplugging  resistance  uiltS 
wiili  tlie  cuTTFnt  fluwin);  tbrougb  the  ToltSDietera,  no  cnnait 
(lassed  tlirougli  T  fflieu  the  derived  circuit  was  thrown  io  fcr 
a  moment. 

Tbe  difference  of  potential  betneen  f  and  K  was  then  obtaiald 
from  tlie  reaistance  of  the  double  arc  now  conrtitating  R,  and  tb« 
absolute  value  of  the  current  given  by  the  electrolysia.  ^la 
value  of  tbe  cui  rent  at  the  instant  when  P  was  balanced  conld  ba 
obtained  from  the  curves  (Fig.  91)  showing  the  results  of  tliB  two 
current  weighings;  and  thus  several  detenninations  of  elsctio- 
iDotive  force  conld  be  made  in  a  short  time. 

In  later  detenninations  the  balance  was  finally  adjusted  by  Ieb' 
eluding  in  the  derived  circuit  with  P  a  part  of  the  electromotive 
force  of  the  pair  of  LeclancbA  cells.  An  independent  compariK»x 
of  the  electromotive  force  of  tbe  IjeclaiicbdB  with  that  of  tto* 
Clark  cell,  was  made  by  balancing  the  Clark  c«ll,in  the  mann^' 
just  described,  by  the  difference  of  potential  between  two  poin'C 
of  a  resislance  in  circuit  with  the  Loclanch^  This  enabled  tb- 
t  of  the  balancing  electromotive  force  supplied  by  tfts- 
eclancli^s  to  be  found  from  the  known  resistance  intercepts 
between  the  terminals  of  the  derived  circuit  and  tb«  wbf>1 
resiatance  in  N  and  0  together,  which  was  kept  at  10,000  oliroa- 

The  following  values  have  been  obtained  by  other  ezperi 

'    «  for  tbe  electromotive  force  of  a  Clark  cell  at  16°  C.:^ 

CnrliftTt \-iU  volts 

e  (ZtitecbriftfiirlnBtnimenlenkunde).  1-434! 


part 


STANDARD  DANIELL'S  CELL 

■liic«dbf  B.  Hence  IbediSereoce  of  potential  in  volUtbeneiistiDg 
i't-tween  tlie  terinimils  of  G  in  given  (for  a  CUrk'a  cell  at  15°  C) 
'  y  ibe  equation 

r=  1-4345  ^. (65) 

Ity  liiis  luijllioil,  which  is  an  spplicatian  of  Poggendorffs 
i-ihod  of  comparitJB  the  elect rotiiotive  forces  of  balteries, 
.Ua'jce  is  obtained  when  no  current  is  flowing  through  llie 
-Mnrlnrd  cell,  and  disturbitnce  from  polariziition  ia  altogether 
.ivoided.  It  has  licen  found  very  caay  and  convenient  in 
pmctice. 

Same  form  of  Daniell'a  cell  ia  eatiilT  «et  up,  and  though  \eaa 
lelinble  is  convenient  for  use  as  a  slanaatd  wSen  Clark  cells  nn 


Bcopperaolutionsin  separale  vesBels  connecled  by  «  tube  filled 

Ih  Kinc  Bulpbate  and  tied  over  the  ends  with  blailder.    TIiib, 
when  made  with  a  plate  of  pure  Kinc  amalgamnted  v 
and  a  plate  of  olectrolytieally  deposited  copper,  was  found  by 
Lord  RaylMgh  to  have  an  electromotive  force  of  approximately 
-7703  of  that  of  a  Clark  cell.  _ 

A  standard  Daniell'a  cell  haa  been  proposed  by  Sir  W.  Tiiomsnn'i 
Thomson,  which  consists  of  a  zinc  plale  resting  ut  the  bottom  of  Slsudird 
n  glass  veaael  ina  stralum  of  saturated  dnc  sulphate,  and  a  copper    Daniell. 

'  ■    '        solution  of  copper  atilphate  of  dyisily  1  02,  which  haa 

' *   '  ic  sulphate  sa  to  leuve  ~ 

F  F   2 


o  geully  formed  in  the  ^itrttum  of  zi 


4  CEADUATION  of  ISSTEL'MENTS 

.  -  r  -  r;ii^  ■.-f  -Si-'i^^^i'  i-  Tlie  tapper  Mjlpliate  solution  is 
::.■;-  i.  -.i  \,y  ni- if--  ■■  a  t'^»--^-  t>ibt  di|ii.il!(;  Avvra  into  Ik 
1 1  )i:..t  -i:.!  ifniiiiiaiiii^  iu  a  tiue  puiBi,  n'Licli  t&  beat  ii 
zuQial  dirtcttoo  to  t»  to  deliver  die  liquid  willi  as  litlle  dial 
ance  &s  pouible.  Tbi«  tube  ia  connerl^  by  a  piece  uf  ii 
rubber  tuhtng  witfa  s  funnel,  bj  tbe  nusing  or  lowering  <if  ^.^ 
die  salptiate  of  eocipeT  can  be  mn  into  or  nin  out  of  tbe  eelL^ 
thU  nwsiu  tine  ■aTphAte  of  copper  ia  nin  in  wben  tLe  cell  ia  tO  M 
used,  aod  at  once  mnored  when  tbe  coll  is  do  longer  wanlfi  1 
Tbe  Bolntioas  rftonU  be  kept  in  stock  bottles  and  tbe  cell  8«t  Vf  I 
ftefik  wh«o  Kiuit«d.  I 

;tbod  of  Tbe  stuidatd  DanieH'e  cell  is  vety  cocvenienllv  used  iloni;  I 
Using  witli  D  Uaaieirs  luttety  in  tbe  maimer  represEDtf'd  in  th«  I 
tudaid    Jiagm,,,  (Fig.  itrT).     C  it  U.p  elandard  cell,  nnd  B  a  battery  ol  | 


•I'l'l'-ii-i'- 


(niADUATloX  OF  VOL'niKTER  437 

V'  ry  >.  n>iti\(*  Lralvanomotcr  of  low  resist aiuc,  Ims  mic  tcriiiiii.-il 
iH'ilIi'iI  Hi  a  pt'iiit  J/  between  the  battel y  arnl  the  stainhird  eell, 
tiiii  the  otlior  terminal  tliroiigh  the  key  X  to  an  intermediate 
tirniinal  L  of  the  resistance  box.  The  resistances  in  the  box,  on 
the  two  sides  of  X,  are  adjusted  until  no  current  flows  through 
the  galvanometer  I),  when  the  key  K  is  depressed. 

Let  Jt  be  the  resistance  in  the  box  to  the  right  of  Z,  r  the  E.  M.  F. 
leaistance  of  the  cell  (7,  and  G  the  resistance  of  the  galvanometer.    ^^^^^' 
Then  if  V  be  the  difference  of  potential,  in  volts,  between  the       ^^^• 
tenninals  of  the  galvanometer, 

V  =  1-072      ^         (66) 

ja  -{•  r 

In  practice  a  resistance  of  from  300  to  400  ohms  is  generally 
required  for  R.  The  electromotive  force  of  the  standard  cell  was 
determined  by  Prof.  T.  Gray  and  found  to  be  1*072  volts  at 
orilinary  temperature.  A  determination  of  the  electromotive 
force  of  the  same  cell  has  also  been  made  by  Lord  Rayleigh,  who 
found  it  to  be  '743  of  a  Clark  cell,  the  electromotive  force  of 
which  was  1*4542  B.A.  volts,  nearly,  at  15°.  This  would  give 
very  approximately  1068  true  volte  for  the  Daniell  cell.  It  was 
taken  as  1*072  volts,  as,  notwithstanding  the  large  battery  in  the 
circuit,  the  total  resistance  is  so  great  that  there  is  very  little 
polarization.  This  method  in  fact  is  peculiarly  well  adapted  for 
the  DanielTs  cell,  as  the  slight  current  flowing  through  serves  to 
keep  its  plates  in  a  constJint  and  fresh  state.  It  is  known  as 
Lunipden's  and  also  as  BosschaVs  method  of  comparing  electro- 
motive forces. 

The  difference  of  potential,  the  magnitude  of  which  is  thus 
obtained,  is  chosen  such  as  to  give  a  convenient  deflection  on  the 
instrument  to  be  graduated.* 


*  For  iarther  particulars  regarding  the  graduation  of  instruments, 
see  the  Author's  smaller  Treatise. 


CIIAPTEK  VIM 

MEAflUnSMEKT  OF  INDUCTANCEfi 

■  TtiE  subject  of  the  experimenta!  deterininatioa J 
j_  coefficients  of  imluotion,  or,  as  they  arc  now  i 
iiuintlaiicen,  with  one  another,  with  known  resiatai^ 
nnd  with  electrostatic  capacities,  has  attracted  i 
attention  during  the  last  fifteen  years.  This  is  a  con- 
sequence mainly,  on  the  one  hand,  of  the  efforts  that 
have  been  mads  to  obtain  a  more  accurate  determination 
of  the  ohm,  and  of  the  ratio  of  the  electromagnetic 
the  electrostatic  unit  of  quantity  of  electricity ;  and  9 
the  other  of  the  vastly  increased  importance  given  tti 
induction  in  electrical  theory  and  practice  by  the  enor- 
mous development  which  has  lately  taken  place  in  the 
use  of  dynauios  and  especially  of  altemate-c 
machines. 

In  what  follows  an  attempt  is  made  to  describe  i 
various  methods  of  comparison  which  have  been  devis^ 
giving  in  each  case  a  fairly  full  account  of  the  theory 
of  the  method,  and,  if  possible,  an  illustration  of  tbe 
solution  obtained  by  one  or  more  examples  of  actuaf 
experiments.  We  shall  use  Mr,  Oliver  Heavisides 
term  "  inductance  "  to  signify  what  is  generally  denoted 
by  "  coefficient  of  induction,"  distinguishing  whereM 
necessary  between  mutual  inductance  and  eelf-it 
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;  but  as  self-induction  is  relatively  more  important. 

is  much  more  frequently  referred  to  than  mutual 

mction,  we  shnll,  where    no  ambiguity  ia   likely  to 

se,  use  the  single  word  "  inductance  "  in  the  sense  of 

coefficient  of  aelt'-induction." 

It  u  convenient  to  consider  in  the  Gret  pince  eome  poiiila  of 
mersl  theory  which  are  of  importance  in  thia  connection.     Tlie   1 
i|tiMious  of  varying  currents  in  any  conductor,  or  circuit  of 
Oitductiir»,iireoblninablefroin  the  electroliinetic  enoigy  and  (he 
™ip»tiun  function,  when  Ihesc  are  known,  if  only  electroliinetic    ' 
JhenompM  are  in  question,  or  from  theee  two  eatpressiona,  to-    ' 
BethcT  wi[h  that  of  the  electroatatic  energy,  if,  i»  will  he  the    . 
**"e  inanme  of  the  prol'lerns  in  the  present  CiittpteT,  el  eel  ro  static 
phtmnuena  have  nUa  to  he  taken  inlo  account, 

liiliHtiDM  of  currents  have  been  olitaineil  ahove  (p.  360)  by 
''"''iilering  un  ossemhiago  of  complete  circuits  as.  a  dynamical 
*r>toni;  but  rimilnr  eqiiationa  nre  obtainable  in  precisely  the 
■*"'«  *»y  for  tlie  current*  in  the  individual  conductors  of  a 
2^'<rt,  prov  ded  that  instead  of  resistanccB,  Indiiclrmcea  and  ' 
*''ttttmotive  forces  in  circuits,  the  resialanceB,  imiuetniice.-',  self 
'"dmulual,  of  the  conductors,  and  the  impresaed  dilferctioes  of 
fKtentisIg  t)etween  their  terminnia  are  nsed.  Tiio  oidy  difficulty 
■■U  to  the  meaning  of  the  aelf-indnctance  of  a  coniliiLtor  joining 
^  points  in  a  circuit,  or  the  mutual  inductance  of  two  aiich 
nmduutore  in  tlie  same  or  different  citcuits.  But  all  audi  <jiics- 
Uons  are  resolved  by  adopting  some  proper  mode  of  onlcutaling 
■Aductance  [for  example  Neumann's  romiula  pp.  129, 171]  which 
■ntbles  llie  inductance  of  a  conductor  to  be  found  us  that  of 
I  part  of  a  circuit,  in  the  sense  that  when  the  inductiiiiooB  of 
be  puts  are  calcnlnted  in  this  way  they  give  the  proper 
due  of  the  electro-kinetic  energy  of  the  circuit  or  tircuita 
gr  Any  pnwible  arrangement  of  currents.  A  case  in  point  is 
Ut  of  two  or  more  coils  joined  in  multiple  arc  hetween  two 
lints  JB.  The  inductances  for  these  conductors  iire  very 
>prosimaIely  those  obtained  hy  regarding  the  coila  aa  made  up  of 
I  m&ny  complete  circuits  given  in  dimenaiona  and  position  by 
w  turns  of  wire.  In  such  cases  the  flux  of  magnetic  induction 
irODgh  the  part  of  the  circuit  considered  is  dciinite  and  calcu- 
ble,  and  ilitEerent  melhoda  lend  to  the  same  result.  But  there 
»  otbercoaee,  for  example  that  of  a  Hertzian  vihralor,  in  which 
processes  lead  to  distinctly  different  values  of  the  aolf- 
loctancu  of  the  appnmtns  (aoe  Chap.  XIV.  bcloM). 


Cycle- 
Method  of 
n  Netnorlc. 


Electro- 
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Tiie  difficulty  liere  iodicnted  is  avoided  by  q  device  ndupteJ 
by  Miixwel!.  A  network  is  made  up  of  u  series  o£  mesbcs  or 
"cells,'' in  which  yncii  individuQl  condiirtor,  eiceepl  thoBo  form- 
ing tbe  outfir  edge  of  tbo  network,  is  common  to  two  meslius. 
MAXwell  supposed  a  current  lo  cjrculute  rouud  eacb  meiili  in  the 
snme  direction,  so  tliat  tbe  tictual  current  in  each  conductor  wnB 
t!ie  difference  of  tlie  currents  round,  two  adjoining  meobus, 
TbuH  encb  meEh  is  a  cloited  circuit  with  its  own  current  in  it,  and 
the  Relf  mid  mutual  inductniices  of  tbe  system  arc  perfectly 
dufinile,  being  those  due  to  the  rarious  closed  citcnits  eacli 
supposed  to  carry  unit  current. 

'i'aking  the  fumier  method  first  let  L,  /,;, .  .  denote  tbe  self- 
inductances  of  tiie  different  lioinogeneous  conductors  of  tlio 
system  supposed  linear  fi,ft,.  .  .  .  ,  tbe  currents  in  them,  M,^ 
M^, ....  the  mutual  inductances  of  the  conductors  indicated 
by  the  auffines,  then  as  at  p.  185  the  electrokinelic  energy  is 
given  by 


Tbe  dissipation  function  is  ■ 

r=iiJim' Csr' 

whnro  Ri,  'lenotes  tlie  resistance  of  tbe  condurtor  in  wiiich  tlie 
cnrrent  is  yt.  If  E  tie  tlie  elcetroslatic  energy  due  to  the  charf;c 
of  condensers 

E-i2f.r„ (.'i) 

wlicre  Cm  is  tlio  cnpacily  of  ft  typical  condenser  o£  the  ayelem 
changed  to  a  difference  of  potential  fm  liotween  its  coating. 

Tlie  effect  of  tlie  electrostatic  capacity  of  tlio  conductors  con- 
cerned is  something  quite  sensible,  slid  may  in  ccrtnin  cases 
lie  allowed  for.  When  it  can  be  expressed,  the  part  of  tbe 
electrostatic  energy  which  depends  on  tlie  cnpneity  of  the  con- 
ductors, enables  tlie  terms  in  (R)  below  to  be  calculated. 

By  tliia  expresaion,  also,  wlien  it  can  be  calculated   for  tbe 

different  parts  of  tlie  conductors,  tbe  electmstetic  capacities  of 

tbe  connecting  wires  can  be  taken  into  account.     In  such  cnees, 

liowever,  the  capacity  can  in  general  only  be  roughly  estinialed, 

Eiination        Bringing  then  into  tlie   account  the  electrostatic  energy  re- 

o(  (Jnrrent  garded  tis  potential  energy,  we  liavo  to  add  to  tbe  electrokinelic 

in  tSio^e  applied  force  corresponding  to  the  current  fi,  the  electrostatic 

I  .H>..ud^-  IF _  3E/a^'     TiiiiB  if  y^  denote  the  difference  of  potential 
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whicli  111 


le  temiinals  of  the  conducloi 
la  typical  equation  of  current  is 


I  down  the  er^nnlioD  of  this  type  fu 
ciua  conductors  taken  in  order  round  b 
1  adding  butli  Hides  of  the  eiuntions,  v 


-f-4 


a  of  tlie  differ- 


>*  here  fT  is  tlie  total  intemal  applied  electr 

nitnit,  Biuce  wc  know  tlint  the  Utter  is  ll 

encM  n(   potential   between   tlio   terniinali 

hnnugeneoua   uonductors   forming   it     Tins   equntion   may   be 

wrilten 


2{Lj-^j  +  Vjiyk  +  Rjrj)  = 


\     in  wbicli  the  sumniaCions  are  taken  for  kII  the  coiiducti 

circnit  considered. 

i'liis  equation  may  be  taken  ns  the  most  general   form   of  the 

-LJilled  "scoond  law"  which  Kirchhoff  first  eiplicitly  slated 

■  riteady  cnrrenti  in  a  <yHrem  of  linear  condiiclorj,     It  will  be 

'■•  i^unstnnt  use  in  what  foltowa. 

The  principle  of  coatinuit)',  commonly  called  KiruhholFa  first    Principle 

■  ■'■.is  generally  assumed  for  variable  currents,  and  it  is  also     of  Con- 

'  -<iai  to  usBiime,  as  liaB  beun  done  above,  (hat  at  any  instant  Ihs  tiiinily  for 

::  j--netic  force  at  any  point  due  to  a  varying  current  in  a  circuit    Varyinft 

.    tlie  eaine  as  would  be  produced  by  a  steady  current  equal  in    Currents 

r.naity  ti  tli.it  which  exists  in  the  circuit  at  that  instant.     The   Z*"'.*^^ 

Lt-r   assumption   is  jualilied,   for  pomts  which    are   near  the      ["liT 

:.'-iiit,  by  the  theory,  con linned  now  by  experiment,  of  propa-    ''_..*.^'l 

iiion  of  electromagnetic  action. 

Il  does  not  seem   to  have  been  noticed  that  tlie  principle  of 

iniinuity  for  a  linear  circuit  can  be  deduced  from   the  law  of 

'  i^-iietic  force  M  follows.     Let  three  wires  meet  ut  n  point   0, 

'i.--*n  according  to  the  principle  of  continuity  the  rott  of  (low 

^bpn  the  point  mu.it  bo  esuttly  equji  at  any  instant  to  llio  rnto 


FnrM.  I 
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uf  lluw  to  tlio  point  lit  tlje  same  instant.  Let  0  be  Uken  u 
ceiitro  of  a  small  sphere,  and  let  the  wires  pass  through 
•iirf.icc  of  the  apl.pre  tt  A,  ff,  C  (Fig.  108).  Ltt  n  puth  bedmw 
round  liio  wire  A  on  tbo  sphere,  tLen  carried  to  S,  then  to 
nearly  round  it,  end  finally  buck  to  the  point  of  stortinfT  from  . 
so  tliiit  a  cloBed  pittli  is  traced  on  the  spliere,  t-'ooiiiNtiii^  of  tlir 
nuirly  cloned  ctirv'BB  described  in  tlie  smne  direcDon  rotd 
A,  B,  C,  and  an  infinitely  nearly  closeii  putli  J",  £',  O,  tt 
enibraciiiK  tny  of  the  conductors,  A  magnetic  pole  earned  rotii 
the  complete  palh  will  have  no  work  done  on  it  on  the  wbol 
since  the  path  does  not  really  siiiTound  any  conductor ;  in  nth 
wiinli,  it  could  be  ahnink  to  a  point,  without  cutting  through  (1 
coniliiftor,  and  the  work  done  in  carrying  a  pole  round  it 
infinitely  nearly  closed  palh  A',  B',  O  also  vanishes.     [To  H 


this  It  is  only  iiucessary  to  conceive  the  path  opened  out  & 
nn  open  loop,  slipped  buck  beyond  the  centre  of  the  Mphei  ~  ~ 
then  fihmnk  up.]  But  if  y^,  y«  y,,  be  the  currents  iu  tho 
at  A,  B,  C,  all  reckoned  u  inflowing,  or  dU  as  outflowing,  I . 
work  dune  nn  the  pule  in  the  thrc«  paths  closely  surrounding  tl 
wiwH  is  4)r(y,  +  T,  +  Ta)'  and  thus  must  lie  eero,  since  "" 
done  round  A'  B'  C  ia  zero.     Hence  wo  have 

or 

7i+7.  +  ri=o (^ 

that  is  the  total  current  arriving  at  or  flowing  away  from  U 
point  at  any  instant  is  zero.  The  smne  thing  can  obviously  b 
jiroved  in  the  aame  way  for  any  number  of  conductors  meeting  ■( 

lietuming  to  the  dj'niimical  equations  of  currents,  the  eqnatiotid 
^for  MaswelPs  method  of  mesliea,  each  carrying  its  owr  "■—- — * 
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ire  easily  written  down.   The  quantities  of  electricity  wliicli  Imvu   Theory  of 
floved  round  the  different  nicshes  from  any  era  of  reckoning  up   Maxwell's 
to  the  instant  under  consideration  become  the  generalised  con-      Cyde- 
dactorSy  and  their  time-rates  of  variation,  or  the  currents  at  that    Method, 
instant,  the  corresponding  velocities.     If  then  Zj,  Z^i.. .denote 
the  self-inductances  of  the  different  meshes,  each  regarded  uh  a 
separate  circuit,  in  which  currents  y^  ^^,,.fioyr^  j!A,2,  M^^,..ih{.' 
mutual  inductances  of  the  pairs  of  meshes  indicated   hy   the 
snfiBzes,  we  have 

^  =  i  (/'lii*  +  *^'i^i2yi^-i  +  .  •  •)   .    .   .   .    (H) 

Again,  if  7?jt  denote  the  resistance  of  a  conductor  which  adjoins 
two  meshes  distinguished  hy  the  suffixes  j  and  k, 

Tliese  two  eipiations  with  (3)  above  enable  the  equations  of   K<{uation 
currents  for  the  diffcient  nicshes  to  be  written  down.    They  are         of 
thuri  of  the  type  Currents. 

i^+^j:=Ej-^^ (.0) 

where  j^  is  the  electromotive  force  in  the  circuit  injlicatcd  by  the 
suffix  j. 

This  method  avoids  the  necessity  for  an  explicit  reference  to    Compari- 
tlie principle  of  continuity,  inasmuch  as  this  principle  is  asHunied   son  of  tho 
in  the  statement  of  the  method,  and  it  is  convenient  for  the        Two 
«>*stematic  working  out  of  a  complicated  system  ;  but  with  tlic    Methods, 
electrokinetic  energy  expressed  in  the  above  form,  which  is  tho 
strictly  accurate  one  when  the  generuliHed  velocities  are  the 
mesh-  or  cycle-currents,  it  is  not  convenient  for  tlio  derivation 
of  equations  from  which  the  inductances  of  given  conductors  are 
to  be  obtained.     In  these  applications,  however,  it  is  usual  to 
modify  the  form  of  the  electrokinctic  energy  by  writing  it 

r==il{Ljk{^j-yky  +  ''2M0kxim)(yi-ym)\,    .     (11) 

where  Ljk  is  the  self-inductance  of  the  conductor  common  to  the 
t^'o  cycles  indicated  by  the  suflixes,  and  M{jkxim)  the  mutual  in- 
doctance  between  that  conductor,  tind  the  conductor  common  to 
the  two  meshes  indicated  by  the  suffixes  Im.  But  this  merely 
tmounts  to  using  the  first  method  after  all.  In  general  it  is 
quite  easy  to  write  down  the  equations  for  the  different  conduc- 
ton  from  (4)  for  the  first  method,  applying  the  principle  of 
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soil  ortwi 


1  Bynibo!  is  required  for  Iln 
lel'huil  line  tlio  udvnDtng^  ol 


continuity  meiitiiliy ;  iind  as  only  oi 
current  in  enuh  conductor,  (he  first  i 
greater  brevity  of  eipression. 

The  comparison  of  inductances  comprises  five  problems 
with  which  we  shall  deal  in  sucoesaion :  the  comparison 
(I)  of  two  mutual  inductances,  (2)  of  two  self-induct- 
ances, (3)  of  a  mutual  inductance  with  a  self-inductance, 

(4)  of  a  mutual  or  self- inductance  with  a  resistance, 

(5)  of  a  mutual  or  self-inductanco  with  an  electrostatic- 
capacity . 

Oi"  the  first  problem  the  following  solution  has  been 
^  given  by  Clerk  Maxwell.     Let  A^,  A^,  (Fig.  109)  be 


I 


the  two  coils,  the  mutual  inductance  M^  between  wbi«j 
is  to  be  compared  with  that  between  two  other  co! 
A^,  A^  A^  and  A^,  A^  and  A^  are  placed  opposite  a 
another  at  the  required  distance  in  the  case  of  OM 
pair.  A  circuit  is  made  up  of  A^,  A^,  a  battery  a 
make -and -break  key  K;  while  A^,  A^  are  joined  i 
a  secondary  circuit  to  which  the  former  is  the  primal 
and  a  branch  containing  a  galvanometer  is  made  to  ji 
two  points  F,  Q,  on  this  latter  circuit. 
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■  TW:  resistances  Jij.  R^  of  tlio  coils  -4,.  A^,  respectively, 
^tlb  any  aJditiucal  resistaoce  iuctuded  wilh  ibu  coil  ia 
■'■u;\i  easu  up  to  FQ,  are  adjusted  by  adding  resistance 
i^iils  fxota  boxes,  until  there  is  uo  current  through  the 
'^vtmometer  when  the  battery  circuit  is  made  or 
Imkeu,  uati  are  then  compared  by  means  of  a  Wbeat- 
siimt't  briifge  or  other  convenient  method.     We  have 


^in     -Ki 


(12) 


To  increase  the  sensibility  of  this  and  similar  methods, 
^mt  wraugement  such  as  Ayrton  and  Perry's  secohm- 

■  "leter,  ilt-soribed  below,  for   successively   making   and 
*eakiug  the  battery  circuit,  and  sending  the  successive 

P'figral  flows  through  the  galvanometer  in  the  same 
BctioD,  must  be  adopted, 

Li'u  prove  ihe  conditioD  (12)  let  £,,  Z|  be  tlie  self -indue  tancen  '] 
%b  cuils  ^1,  -i),  Z  llie  self-itiduclaiice  cf  tlie  battery  tircuit, 
'  r  that  (ji  llie  galvonometcr.  Tlten  if  h  be  the  battery 
i.  —rem  m  any  instKut,  ±,  y,  the  currenlB  in  tbe  hqidb  directiuu 
I**"*!)!!  J,.  J,,  reBpeclively,  tbe  current  tliroiigli  the  galvanometer 
J?  *-y,  uqJ  the  electrokinetic  energy  of  tbe  6ya tern  is  given  by 
r**  wiuation 

=i{ii'  + V  +  Ay'  +  r(^-/j'+3jr„»i  +  2J/„i>|.  (13) 

.1  £  be  the  reaistnnce  of  the  battery  circuit,  0  the  reHiBtatice 

■  Ihe  gnlvunomeler,  we  get  for  tbe  dissipation  function 

F'HIti'  +  R,i^  +  n,y^  +  0{i-yn.    .    .     (14) 
iiiiireseed  clectroniDtive  forces  cnrrci^pondiiig  t 


4  dT 
dt  dJ 


,/  ST 

'  Jl  Sf  "^ 
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rents. 


Equations  Hence  by  (13)  and  (14) 
of  Cur- 

Lix+r{£  -jO  +  ir„«  +  iZii  +  ^  (i-/)-o 

or,  integrating  and  writing  z  for  i  —f,  and  taking  acconnt  of  the 
fact  that  s,  tr,  i,  ^^  u,  are  initially  zero,  we  obtain  two  eqaatioss 
which  may  be  written 


{ (ii  +  r)  1^ + A  +  <?) ' + (a  j^ + J^i)/ +  Jtfii  *-o ' 
-(r  j^  +  e)  *  +  (i.^^  +  iJ,)y  +  Jf«  «=o 


y  (16) 


Eliminating  y  between  these  we  obtain  an  equation  of  the 
form 

A'z  +  Bz+Cz=D'm  +  Eu 

where  J,  B,  C,  D,  E  are  constants. 

Deduclion      Soon  after  completion  of  the  primary  circuit  the  current  in 
of  Condi-    the  secondary  will  have   died   out.    Then  the  last  equation 
tioii  for  no  becomes 

Integral  O  =  JSy (16) 

Galvano- 

meter-      where  y  is  the  steady  current  in  the  primary.     By  inspection  of 
Current,     (jgj  j^  |g  ^^^  ^^  ge^  ^jj^t 

C= 72s  (^1  +G)  +  R^  Gy  E=M^  Ri  -  M^^  72,. 
Thus  (16)  becomes,  since  z—x—y 

jr-y=     ^«_Az_^i«j|l^ (16') 


R^{fi^^-G)^-U^G 


Hence  if  r  ( =  jr  -y)  =  0, 


J/34  _  7?3 


(i7) 


-IA2      Ri 
the  relation  stated  above. 

It  is  to  be  noticed  that  if  z  =  0  at  each  constant,  and  this 
relation  bo  fulfilled,  i)  =  0,  Unit  is  by  (15) 


J/34  __  L3 
M12     Li 


(18) 
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Tlius  the  ratio  RJRi  is  also  the  ratio  of  the  self-inductances, 
if  the  arrangements  be  such  that  no  current  whatever  passes  in 
either  direction  through  the  galvanometer. 

It  is  sometimes  important,  as  Lord  ilayleigh  has  pointed  out,* 
that  this  last  oonditioUf  and  in  other  cases  a  similar  one  if  it 
exist,  should  be  fulfilled  in  order  that  the  method  may  be  an 
absolutely  null  one.  Very  frequently  unless  the  galvanomctcr- 
needle  is  of  very  long  period  it  shows  considerable  uneasiness 
even  if  the  condition  for  zero  integral  current  is  fulfilled.  .  The 
f  ulliliuent  of  (18)  or  a  corresponding  condition  may  be  brought 
about  by  the  insertion  of  self-inductance  in  addition  to  thut 
awociated  with  the  conductors  employed  as  resistances. 

The  experiment  may  be  arranged  with  a  derived  Comjpari- 
branch  on  both  the  primary  and  the  secondary  circuit,  *^MutuaT 
as  sbown  in  Fig.  110,  and  the  galvanometer  in  the    Induct- 

**  ^  ance«. 


Fig.  110. 


Method. 


circuit  of  one  of  the  coils  as  A..    Let  the  resistance  of  Modifica- 

^  tion  of 

the  coil  A^  and  connections  to  the  right  of  AB  be  jB^,  Maxwell 
the  resistance  to  the  left  of  AB  R^,  the  resistances 
similarly  to  right  and  left  of  CD  B^,  B^  {B^  including 
the  resistance  of  the  galvanometer),  the  resistance  of  the 
derived  branch  on  the  primary  J?,  of  the  derived  branch 
on  the  secondary  S. 


*  British  Association  Report,  1883. 


4«  MEASURKMENT  OF  INDUCTANCES 

Rdiio  uf  With  this  arrangemeut  when  no  current  throiigU  the 
»iior>iu  galvanometer  is  produced  on  depresaiug  or  raising  the 
iVms  of  battery  key  the  relation 


(19) 


holds.  Thii3  the  mutual  inductances  are  opposite  in 
sign,  that  is  the  coils  must  be  joined  up  so  that  the 
induced  electromotive  forces  in  the  secoudai-y  circuit  aic 
opposed.  In  the  test  therefore  the  coils  are  joined  up 
iu  this  way,  and  the  resiatancea  are  adjusted  until  no 
deflection  of  the  galvanometer  needle  is  produced  by 
making  or  breaking  the  battery  circuit. 
I'lirticiiUi  If  iS  =  X ,  that  is  if  there  is  no  deriveii  branch  on  tb 
primary,  thfi  relation  (19}  becomes 

M^  S        ■     ■     ■     ■ 

In  this  case,  since  numerically  Jlf,^  >  M^^,  the  galvanj 
meter  must  be  placed  on  that  side  of  CD  on  which  1 

induction  ia  the  weaker. 

If  S=  cc,  that  13  if  there  is  no  derived  branch  on  ttQ 
secondary, 

If,  for  the  coils  in  the  positions  of  Fig.  110,  M^^>M^^ 

uumerically,  (21)  becomes  -  MJM^^  =  Rj{B  +  B,). 

TliLiory  of       Let  n  be  the  current  st  any  inBlant  througli  llio  battury,  and 
MethoU.     tlierefore  through  J,.  A'  llie  current  at  the  Bame  inatant  through 
^,,lhen  tlie  current  in  .IBii  i-u'      Denoting  now  by/,,  I.^,L, 
the  inductancea  of  the  throe  parts  into  which  the  primary  drouil  J 


OOMP ABMOM  OP  MUTUAL  IBDUCTANCE8 


'ndiirt*nce  i>f  lliu  (let 

+  iM,^i-£+2.V„i^\.     .    .    .     (22) 

>■=  k  •fi.i' + /r,  ^» + 5  (i  -^y  +  s.u^  +  /i,i''  +  Jt(i-  iT.  (23) 

'vlwre  i, ^  denote  as  before  llio  currcnla  ia  ,i,,  J,. 

Tliv  e,|Dationa  of  ciiirents  obtained  from  these  niiil  iiilegrated 
■"ur  »nj  iiiiervol  from  an  iostant  joat  before  the  contact  was 
xiude  or  broStCD,  with  attention  to  tliefact  that  the  initial  vuliies 
'^f  tlM  vtiiablo  qiinntities  are  all  zero,  give  e^iiiatione  whii'h  can 
'■evfititen  in  the  form 

((Hf,|,  +  «,  +  .,)-(//^,  +  .,),  +  -U„.'.o    ^^^^^ 

I         ^iiniiintioi)  of  ^  from  these  gives  an  e>iuiition  of  the  form 
I       'f  "le  irurrents  Iwve  become  steady  this  redtices  to 


the  time-integral  of  the  current  which  has  put 
"uugli  ihe  galv  ana  meter,  and  y,  y'  iire  the  steady  currents 
'°  '•'iitery  and  the  coil  J,.    Hence  i=yRI(K  +  /(J,  ami 


InlegrjH! 

tbrotiRh 


'b,-(M) 


r=(«,  +  .s')(w,  +  ,y)-.y' 

i-=  -  .1/„.S',  A'-  ~  My,  {II:,  +  .V). 


H«nce  (25)  liecoines 


.v,..y(.ft  +  R.y  +  -u„  A'  f  ff,  +  .VI 


MEISCREUEITT  OP  ISIiUtTAXCKS 
=0  tliia  giTcc  *t  once 

I  (19>At>;>re  tot  do  inltgral  cuiTcat  Uirongh  j 


^  I  sboTv.  the  wnsilHlit}-  of  ttiete  iiiethoda   niRy  1 

graatlf  ijicT««9«d  b\-  nsiug  saccesnTe  RversMls  of  the  lutttiy 
cnmnl,  wilL  ■  pn>per  WT«ng«iiieDl  fur  comniuta ting  the  inductive 
flows  lluiHgli  the  galvanometer.  An  eicfllent  conliivance  fur 
tlu*  pmpoK  has  been  providMi  by  Professors  Ajtfon  and  Perrj- 
in  llie  Secobm&iMer.  Tlii«  is  an  omngement  of  Ivro  rotan- 
cotntniitatotf,  worited  hy  tlie  same  Bpindle,  one  for  perindtrtllv 
interehanginjc  tbe  points  to  vhicfa  tiie  galnnometer  tertnin.il- 
are  aitai'hed.  the  otiier  for  rvrersing  t  he  bntterj- circuit.  Eadi  of 
these  coiitnintaturs,  as  will  bes««n  fromthediuKrammaticsketcliefi 
(Fig.  112)  BhowtTijT  tbe  mode  of  csing  the  tnetnimcnt.  consists  of 
foor  br(Hih«s  praesing  on  a  cylindrical  surface  made  up  of  Ino 
neariv  BemicyJindrical  metal  pieces  svparaled  bj-  inaulstiDF 
material  The  relatire  times  of  reversal  b.v  llie  two  contiuuls- 
tors  can  be  adjusted  to  suit  tbe  parpoee  for  which  it  is  to  bo  uaed. 
The  spindle  can  be  driven  by  a  handle  or  by  any  convenietil 
•mall  motor.  For  a  given  speed  of  driving,  two  speeds  of  the 
commatatoiB  can  be  arranged  for-  With  one  there  are  niUi«T 
more  than  eight,  siid  with  tbe  other  twentr-four,  reverKtln 
effected  by  eaoli  for  one  turn  of  the  handle  or  drivln;;  pulley. 
The  speed  of  tbe  driving  handle  or  pulley  is  governed  by  a  fly- 

For  example,  tbe  inslniment  can  be  applied  to  the  compariaan 
of  two  mutual  indactances  by  the  nirlhods  jgst  descrilied,  Tbe 
IwiOeo'  commntator  is  arranged  to  reverse  the  battery  circuit  bI 
an  instant  when  the  galv.inometer  circuit  on  the  secondary  i> 
complete.  An  inductiou-flowtates  place  through  the  inBtruRM&l.| 
unless  the  proper  adjustment  of  resistances  uns  already  I 
mode.  After  the  battery  current  has  reached  its  atosdy  vi 
the  galrunumeter  tenniuals  are  reversed  by  llie  commuttb 
preparatory  to  a  second  reversal  of  the  battery.  The  flow  due 
induction  in  this  second  esse  thus  takes  place  through  t 
iuBtrimient  in  the  sanie  direction  ns  befoic,  and  so  on 
commntator  revolves.  If  the  period  of  rotation  is  small  ii 
[Mirison  with  that  of  oSL-illation  of  the  needle,  the  result  is  Utgi 
a  steady  deflection  ei]iitil  to  that  which  would  be  produced  D 
current  equal  to  tie,  where  it  ia  the  immber  of  reverBsla  of 
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''illtty  per  second,  nnd  q  tlie  qusatity  of  electricily  whicli  pasaes 
<l  Wli  uf  Ih«iii. 

ITte  Beniibility  iliBrefore  increa^cB  willi  tlie  speed  of  rotnlion  ; 
t>iit  in  [bo  preaent  application, as  in  all  others  in  which  only  tli« 
inftyraijfow  through  the  golvano meter, taken  over  the  interval  of 
nmtioQ  of  battery  cuiTent,  vanishes  for  certain  experimeutnl 
IUniijieiiients,  thn  speed  iniut  not  be  no  great  ua  to  prevent  the 
liut«ry  current  from  reaching  its  aleady  value  l>etu'een  each  pair 
of  rcveraola.  In  cases  in  whicli  the  method  Is  really  '■  null  "  the 
•|ie»d  may  be  made  as  high  aa  ia  thought  desirable. 
M.  Btillouiii'*'  has  curried  out  some  careful  comparisons  of 
mutual  inductances  by  these  methods,  He  used  (1)  a  derived 
'  rjnch  on  the  primary,  (2)  a  derived  branch  on  the  secowdarj" 
^vitU  in  each  of  tiiese  cases  the  galvanometer  in  series  with  dub 
f  the  coits  in  the  secondary),  (3)  the  galvanometer  in  the  dc- 
nved  branch  on  the  aeoonaary.  We  give  here  a.  short  ac^^ount 
lit  experiments  (1)  and  (3). 

Tlie  derived  braDch  in  (I)  woa  made  up  of  a  resistance  box 
reading  to  fractious  of  au  ohm.  As  its  coils  were  not  wuimd 
'iouble  it  was  placed  at  a  distance  from  the  rest  of  the  apparatus. 
The  galvanometer  used  bad  a  resistance  of  900  ohms  and  wos 
!  istntic  needle  mirror  instnimeiit.  It  was  provided  with  a  damp- 
"ig  vane  of  wire  gauze,  and  was  enclosed  in  a  case  to  shield  off 
ir  currents.  The  observations  were  made  in  the  ordinary  way 
y  means  of  a  telescope  and  attached  scale  placed  at  a  distance 
:  1  mAtre  from  the  mirror. 

The  connecting  wires  were  carried  along  side  by  aide  to  reduce 
-,i^ir  external  action  us  neariyas  possible  to  zero. 

Aa  the  galvanometer  was  not  sensitive  enough  to  enable 
'  I'^iarementa  to  be  made  satisfactorily  with  a  single  make  or 
'i'-^ik,  a  rotating  commutator  driven  by  a  Qranmia  motor  wa^ 
-langed,  so  that  in  each  turn  it  (I)  connected  the  galvanometer 
>  ilh  the  secondary  circuit,  (2)  closed  the  primary  circuit,  (3) 
-!:ort  circuited  the  galvanometer,  (4)  opened  the  primary. 

The  secondary  circuit  was  kept  closed  permanently  and  the 
;  ilvanometer  received  only  tlie  transient  current  at  each  closing: 
(if  the  primary.  About  10  impulses  were  given  to  tlie  needle  pei 
'ijL'ond,  and  a  permanent  deflection  was  thus  produced. 

The  coils  used  were  first  a  pair  consisting  of  an  exterior  coil 
nude  of  a  cable  of  twenty  ianiilaled  wires  lightly  twisted  together, 
aurroondiog  au  internal  bobbin  uf  somewhat  thick  wire.  The 
ttutaal  inductance  between  the  internal  bobbin  and  each  of  the 
Drentj  aUands  of  the  other  was  the  same,  Maay.     A  commiit.itor 


Arrangs- 
ment  of 
Apparatus 


ator.  fl 


•^'^^SJS* 


A  set  of  experiments 


■was 


also  ma<le 
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t  "iiJ  ut  one  tenipenture  12=-6C.  will.  *Jf,,<JI/i,.  Tlit. 
'I'V.**  in  ll'iB  ease  comes  out  in  terms  of  the  r,^8iai:ice  H,  «jf  tlio 
^u  A^  imd  ftny  noa-inductira  reBiBtnnce  in  series  witli  it,  and 
^«  JttiUninpe  R  of  the  derived  brnncli.  S,  was  that  of  the 
••owiin  ^„  ingether  with  a  [Csintnnco  aeven  times  a»  great, 
"oAing  A,-18-49  ohms  in  all. 
TliB  tunltn  are  given  in  the  tahlp. 


/f 

"i, 

t-^ 

i      " 

/i  +  Ji, 

.,/. 

IT 

3S9 

-1603 

1-BCI3 

^^ 

!)-.Ti 

■33ti 

1-680 

»*33 

■335 

1-«T5 

Ol  +  oi 

ia-«i 

■50  IT 

■  ■672 

O'   +o-i' 

0^2  + Of 

37  5 

■669 

1-672 

J.!  +  o^  +  Oi' 

927 

■8330 

1-667 

'    flis 

1 

■63.14 

1-667 

:-«  .Mults  give  by  addition  for  tlie  values  1,  -9,  -8,  cf  * 
'"*  'wmer  »el  of  experJment« 
"liicL  '^'^'^''=''^™.  9JWi/«=l-504,  -8W,s/.Vj,=  1-334 

A  lef^'^^'r  •«!*«  '^'•h  tlje  vniuea  of  (H+Jij)IS,  then  foni.d. 
'"•^lurled  in    ?*^!'"eiita  WM  ^'*"  iiiaile  with  the  galvanometer     txperi- 
""■""xein.B.'  'iP^^'ed  branch  on  llie  secondsry  Bccording  to  tlie    i,ienti  b» 
'J1,e%',"'  "f  which  the  t!ie:>r>-  ia  given  shove  p.  445.  M.ixw.-UV 

"'*  Thon.2  '"*'*'  WM  »  very  Bcnsitive  astatic  instrument  of  Mrtlio.!. 
"*''*>  WtfM,  P'^'*"'-''  «-ith  a  coil  of  7,000  olima  reeiatance.  The 
'""•OCMnf  '*"f'*  the  two  pairs  nlieadv  described,  were  at 
««  plac  J  ;„  'y  "^lout  21  inelreg  from  tlie  gaK-anometer,  but 
'«  needlj  ,.  *"'^''  positions  that  tlie  direct  action  of  each  on 
iM  P""il".na  *'^'  "^^"y  ''"'''''  ^"^  'unied  tlirougli  10°  from 
'"""rej  |.||j,  V'*''out   producing   any  sensihle   action.     The 

^l  'ounrf  .,,  J*  '5  ^''^  small  bobbin  of  the  second  pair  of  rolls, 
i  11 "" '"  ."■''t^iTti"**  ^°^"^^^  effect  upon  the  needle  In  any 


2*j*' 


.  had  their  outgoing  and 
P'iniai-vci^^*'*^''"^  '"sullied- 

'">t*tinK  oo  ""  contained  a  hatterj-  of  lO  Daniall's  cells ;  Method  of 
•Wsiifficie,!^"'"*"**""'*^  not  employed,  as  the  galvan-      Experi- 
-.-.  -J  ahoH' u  single  impulse  when    iiiMitinB. 


*^»^ntl3-  B, 


L  '  '  ,  ,  oreaKiDg  ine  cirouii  sliouia  DOLIi  tie  zero,  ii 
xT,")  *''*'•  ^■''''®  '"•■''"g  ^e  circuit  produced  no  . 
V  „e .      t\vrajB  prodaced  a  slight  impulse.    This  M.  I 
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the  integral  current  tbruiigli  it  w*a  not  Kcro,  For  tbe  final 
Ad justmeat  the  deSecifona  were  mnplifietl  by  clodng  and  opening 
the  circnit  when  the  needle  wna  pasting  through  aero  alternately 
in  oppoaite  directions.  Any  want  of  perfect  adjustment  mani- 
fested itaelf  by  the  aggregate  effect  of  tlie  auecessi  ve  exceedingly 
amall  impulses  thus  given,  since  these  all  tended  to  increase  ihe 
kinetic  energy  of  the  needle. 

Bat  for  balance  in  these  clrcumelanece  it  is  necessary  that  the 
effecta  on  the  needte-avateni  of  completing  the  circuit  and  of 
breaking  the  circuit  should  both  be  zero.     It  was  found  at  tiisi 

'       '     o  effect,  breaking  it 

.  Brillouin  traced  to 
leiion  betvreen  thecoiia  and  the  metallic  vane  attached 
to  the  needles  for  the  purpose  of  damping.  This  induction 
depended  on  the  law  of  variation  of  the  induced  current  in  llie 
culls  and  took  place  notwith standing  the  fact  tliat  the  integral 
current  at  break  was  xero  as  well  as  that  make.  By  placing  a 
condenser  across  the  primary  circuit  and  lhe  make  nod  break 
key,  the  law  of  variation  of  the  current  could  be  altered  ;  und  it 
was  found  that  a  corresponding  change  took  place  In  the  deflec- 
tion. The  electromagnetic  action  btitween  the  induced  current! 
in  the  vano  and  the  inducing  current  in  the  coils  cle:irly  ought 
to  cause  Buch  effects  as  those  observed. 

It  was  found  that  tills  action  had  ii  maximum  for  any  position 
of  the  needles  when  the  capacity  of  the  coudeneer  was  25  micro- 
farad, and  that  when  the  name  was  quite  synmietrically  placed 
relatively  to  the  coils  the  effect  always  vanishe<l.  A  condenser 
of  this  capacity  was  therefore  applied,  and  the  position  of  the 
ueedlea  adjusted  by  the  directing  magnet  until  the  effect  was 
/.ero.  The  esperiment  woa  then  made,  and  the  method  of 
multiplication  used  for  the  deflccti'ini>,  witli  certainty  tbatti 
effect  of  make  was  exactly  equal  and  opposite  tu  that  of  brfl  " 


By  (12)  above  we  have 


hat  the 
brfd| 


J/-., 


In 


9  experiments  made  Ji^yae  constant  and  sOT4'2  uhms, 
while  n.  wag  made  up  of  a  constant  part  it*1264'l  blims,  und 
a  variable  part  r.  The  results  of  one  set  of  experimenla  arc 
given  in  Ihe  table.  The  fourth  column  is  calculated  by  taking 
the  fraction  A  of  the  sum  of  the  results  in  coluiim^,  and  indicates 
lhe  cloeencBB  of  agreement  of  the  reanlta. 


tjomtisunn  of  asu-ismrcrANCBs 


1 

i.Vu 

1' 

' 

1   (M 

an  vnlue  frgn 
iMl  col). 

1    iVl 

ltPI±0  5 

1493  ±-001 

1-491 

Oi 

1639±3 

i-980±>003 

2'Dei 

or 

1640  ±3 

2-9R1  ±  '003 

2-981 

OS 

.'.994  +  3 

T-4S0±-003 

7'J52 

The  folIowiDg  method  of  comparing  two  self-indue-  t'ompi 
I  tonces  is  due  to  Clerk  JIaswell.*  Tlie  two  coila  tho  Tn^"s^ 
I  luiiiictances,  Li,  L^,  of  which  are  to  be  compared  are  '"^^ 
I  phceO  in  adjaceat  braachea,  AC,  AB,  of  a  Wheafstone 
Ibridge  (Fig.  Ill),  and  bnlance  is  obtained  for  steady 


^^--o^lll^^" 


jBirrents  by  properly  adjusting  the  (non-inductive) 
"  tBiatancea  R,  S  of  the  branches  CB,  DB.  If  the  resist- 
inces  of  the  branches  AC,  AD  be  P,Q  respectively. 


nd  SJng.  Vol.  if,  p.  367.      (Sec 
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and   the.   imluctances   of    the   brandies   Cli,   Dli 
negligible,  the  relation  fulfilled  when    the   balance 
attaineil  is,  as  we  know,  PS  =■  QR.     If  besides  this  tb< 

relation 


Mtthod 


be  fulfilled,  there  will  be  also  balance  for  tmnsiei^ 
currents,  and  no  deflection  of  the  needle  will  be  pro- 
duced when,  the  galvanometer  branch  CD  being  com- 
plete, the  battery  circuit  is  made  or  broken,  Or  the 
coils  may  be  placed  in  AC,  CB  so  that  L^  is  associ&t«c 
with  P  and  L^  with  II ;  then  balance  is  obtaiuo 
when 

L,_P 

1~~R 

A  secohmmeter  may  be  uaed,  as  shown  in  Fig.  112  to 

increase  the  sensibility.  Balance  for  induction  cur? 
rents  is  simply  tested  for  by  rotating  the  commutatoiK 
Tiie  aiTangemeut  of  the  apparatus  will  be  obvious  from 

the  diagram. 

t  Tu  prove  (27)  and  (XI')  wo  writB  down  liy  (6)  tlie  equations  J 
ciirrentB  of  the  cirenita  ACDA,  CBDC.  putting  r,  G,  for  the  «di 
inductance  and  reaiatnnce  of  the  galvAiiometer,  Z,,  Z,,  for  t« 
intiuctances  of  llie  branches  CB,tiB,  r  for  Ilic  current  in  AC,^ 
for  ihnt  from  C  lo  D,  and  v  lor  Hint  in  tlie  batlerj-  nt  ad^ 
instanl.     The  equnlinna  are  I'v  ((5) 

.  «#-5'")+M*-y)-A(s-#+^)-.5{*-.f+j)- ry- fli= 

Integmted  over  the nhole  period  of  varintion  of  currentn  tliei 
equations  become,  aince  ihere  ia  finally  zero  current  in  CI), 
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wliere  r,  y,  u  deniite  tlie  qiiaatiliea  of  electricity  wtjicli  have 
fl.'wed  tliroiigli  AC.  CD,  and  ilie  battery,  respectively,  in  tlie 
tnlerral  of  inieffrsiioQ.  y  denotes  the  steiidy  current  through  the 
lialtery,  iitid  for  the  Bte.idv  current  in  the  lirnnch  AC  hns  lieen 
put  its  value  >$(/'+'?).  " 


Blimination  of  x  frorn  {29)  pives 

l.-pii'+h^'-. 


e(f +  «  +  «+.«)  +  (/'  +  «)(«  +  « 
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11  order  tlmt  y  mriy  be  zero  ivo  mimt  Imve 


ur  if  2;,,  /.,  he  negligible 


Coiulitiou       ^^ '"  '"  ''*  noliceil  that  if  L,  he  negligible  in  comp-nrieon  w 
for  Zero    ll>c  otlier  ioilitctaiJceK,  nnd  P  be  liuile,  bnlntice  ivill  be  oblnll 

Q,  fl, -V  nre  Mioli  lliBt 


Iiite|;ml    if  ibe 

Flow 
through 
Galvuin- 


;■+>■• 


(3 


Thia  result  will  bu  gf  me  in  conat'ction  with  the  coluparisoSj 
L  inutuiil  inditclance  with  a  Bclf-indumnnce. 
nnbilit;       We  tnny  now  sliortly  iavestignle  the  Heniiibility  of  die  .irrftn( 
of        ment.     If  r  bo  the  reusifince  of  the  bnttery  branch  JS,  t 
nnge-    resistance  of  the  whute  ciri:iiit  for  steady  currents  is  evIdtDl 

(R+S).     If  E  lie  the  electromotive  force  of  the  battery 

y  =  £r.r  +  S{P+/DHR  +  S)\. 

Thns  (30)  becomes  with  a  little  reJuction 

"'''('■+*+'(>+.f))("('+i)+'('+l)l 

If  the  ratio  A/.V{=P/Q)  bo  taken  as  fixed,  and  P and  G  giw 
Ji  is  to  be  taken  so  tlmt  llie  denoniioalor,  1)  sny,  of  this  expn 
sion  for  y  may  be  a  minimum.     Benoting  Ji/S  by  p,  we  boT* 

»-)s(l+J)  +  -P(l  +  i))(r(p  +  l)  +  J'+«) 

Calculating  fW/^/K  frurn    tliis  iinil  equating  it   to  zer( 


C0MPAHI80S  OF  3ELF-]NDUtTANCF.S 

If  llic  coniiilion  (31),  and  llie  relntioo  ijti-Mj=0,  ore 
{■iltUled,  llie  liifferencB  of  poMntinI  benveen  (.'  and  It  la  alwajB 
'-tio  aoa  tliertfi>re  Doioaly  isiNere  no  integriil  flow  from  Oto  D, 
^nt  tlie  curreni  at  each  instnnt  it  zero.  Tliis  mny  he  seen  ae 
(mUows.  Assuming  that  the  difference  of  potentiiil  nt  iiny 
■nsUtil  isiero,  there  will  be  no  current  ihrougli  tile  gnlvnnometet. 
Henco 

/,.r  +  /■r  =  i,(i-,-r)  +  ?(*--?), 
.ml 

V  +  Ai  =  Z,(ii-.>)  +  5(i-y-). 

Slitainiiiitig  ii  from  these  e'luutionn  we  get  ih?  relation 

?,  (if,W(,  ./■.<■/(/('.     Hence  we 


Con.imi 

thAt  ' 
GatTaB(> 


"liitli  runKt  bold  for  ull  valut 
«iii«  have  in  ti,e  liret  place. 


♦ 


qn  -  i-s-^o 

i''f  cuiidiiion  for  biiUnce  in  tlio  cane  of  steady  currents. 

Ef iiting  the  coefficient  of  dj/dl  to  zero,  and  using ibe  rjlnli oi 
^A^WwegeL 


''liicli  is  tlie  condition  [(31)]  that  tbere  elioiild  be  no  integral 
"«"  Ihrongh  Uie  gnlvunonieter  at  make  (or  break)  of  tlie  battery 
-ifciiit. 
Ljietly,  eiiuating  tlie  coefficient  of  'P-rl'lfi  to  Kero,  we  linil 


/,,i,-V-i-'>- 


(34) 


I'liicli  sboWB  that  if  (7  and  /Jr. 

\he  indnctanceH  of  the  brandies  of  the  bridge  must  fullil  n 
lion  precisely  similar  tu  that  fulfilled  by  the  resistnnces  when 
Il*re  is  halnnco  forstcndy  currents.  The  relations  (31)  unci  (34) 
must  be  fulfilled  by  tbe  inductances  in  oriiar  timt  u  tokphane 
toay  be  used  in  a  Wbeatstone's  bridge.  When  tbe  telc|ibono 
"raa first  introduced  it  was  thought  by  many  experimenters  that 
y  asing  a  telephone  Hod  intcnnttlent  currents  the  Wlieatatone'e 
ridge  inelhud  of  teetiog  could  be  made  much  more  sensitirc. 
'-  tier  of  fact  there  can  lie  eilenoe  in  n  telephone  snbsti- 


i^ag 
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tilted  for  a  galvanometer  in  a  Wlieatstone's  bridge,  only  it  the 
inductances  are  balanced  as  well  as  the  resistances  by  being 
made  to  fulfil  the  relation  (34). 

If  Zi,  X4,  are  negligibly  small  each  term  of  (34)  vanishes^  and 
the  only  condition  to  be  fulfilled  by  the  inductances  is  then  (31) 
which  takes  the  form 

The  converse  proposition  however  that  if  this  condition,  or 
in  the  more  general  case  (31)  and  (34),  bo  fulfilled,  the  current 
through  the  galvanometer  is  always  zero  is  not  proved.  But 
if  the  points  CZ>,  are  not  joined  by  a  wire,  and  the  conditions 
be  fulfilled f  CD  will,  it  has  just  been  shown,  be  at  the  same 
potential  during  the  whole  interval  of  variation  of  the  currents. 
Hence,  if  ut  any  instant  during  that  interval  a  conductor,  of  any 
resistance  and  indnctance,  be  supposed  applied  between  C  and 
D,  no  current  would  start  in  it,  since  there  would  be  no  differ- 
ence of  potential  between  its  extremities.  Thus,  with  fulfilment 
of  the  condition,  varying  flow  in  the  network,  with  zero  current 
in  CD,  is  physically  possible,  and  is  the  solution  of  the  problem, 
otherwise  there  would  be  more  than  one  solution,  and  this  we 
know  to  be  impossible  if  the  currents  can  be  regarded  as  a 
dynamical  system. 

Practice  Jq  the  practice  of  the  method  the  battery  key  is 
Method,  depressed  first,  then  the  galvanometer  key,  and  balance 
is  obtained  in  the  ordinary  way  for  steady  currents. 
Then  a  test  of  balance  is  made  for  variable  currents  by 
putting  down  the  galvanometer  key  first  and  observing 
whether  there  is  any  sudden  deflection  to  one  side  or 
the  other  when  the  battery  key  is  depressed. 

If  there  is,  the  resistances  72,  S  are  unaltered,  and 
balance  for  steady  currents  restored  by  adding  non- 
inductive  resistance  to  the  coils  in  AC,  AD,  Then 
a  test  is  made  for  an  induction  deflection  as  before,  and 
if  necessary  a  further  change  in  22,  S  is  made,  and  so  on. 
Balance  for  steady  currents  is,  at  each  step  of  the 
adjustment,  obtained  before  a  test  for  the  variable  cur- 
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leots  is  made,  and  thus  confusion  between  a  transient 
and  a  steady  deflection  is  avoided. 

The  repeated  adjustments  necessary  in  this  methcxi 
render  it  troublesome  in  the  above  form.  The  following 
modification  of  it,  due  to  Prof.  C.  Niven,*  overcomes 
this  difficulty.  One  of  the  coils  say  that  of  inductance 
L  and  resistance  P  is  made  one  arm  of  a  Wheatstone 
bridge  (Fig.  113),  and  balance  is  obtained  with  resist- 


Niveii'8 

Modifi. 

«.>atlou  of 

Maxwell'^ 

Method. 


Fig.  113. 

ances  Qf,  -B,  S  which  form  the  other  three  branches. 
The  other  coil  of  inductance  L'  and  resistance  Q  is  then 
inserted  at  FD,  and  balance  is  restored  by  inserting  a 
non-inductive  resistance  F  at  EC.  Non-inductive 
resistance  K^  is  then  inserted  between  E  and  F  until 
there  is  no  induction  current  in  the  galvanometer,  when 
patting  down  the  battery  key  produces  no  current 
through  the  previously  completed  circuit  of  the  galvano- 
meter.    When  this  is  the  case 


L "  KS 


(35) 


*  Phil  Mag,  Sept.  1887. 


■  be  the  current  (Ijrough  ilie  bnttury,  t^ 
y  tlint  from  C  to  1),  i  tliiit  from  i,"  I 

nisiire.  iniTJ-i,  in  FD  i  ~  t +  -,  ia  t  J 

-  +  y-i-i.  We  get  then  by  (6)  from  ih. 
t'CDt'S,  CBDC.  the  following  equationa  o. 

tr,  denote  respectively  the  iniliielain 

leii  CD. 

from  an  instnnt  just  before  closing'  I 
13  the  steady  state,  denoting'  the  steady 
.  lie  buttery  by  i.  and  y  respectively,  and 

:  adiuBtuients  have  been  BUptioaeU  bo  made 


gr»l 

Current  ii 
GiIvBOO- 


current  from  J  to  E, 
then  tlie  other  eurre 
i-f-i,ial}£ii  -  . 
three  circuits  J£F.i, 
currenlB  in  whicli  r, 
resiatunce  of  ibe  brm 

ir+W  +  AV- 

_  IntegiAtin^  these 
circuit  of  tlie  batterj- 
currents  in  JE  aodt 
remembering  that  ttj< 
that  the  steady 

'>>  +  (/"  + 9)  J--(9+/"  +  A-).-=(^"+/.-(y-f)    - 
-{G+Ii  +  S),  +  (,ll+S)^-{/{  +  .'i)z-K„  } 

Hence  if  A  denote  thedetenuinantuf  thmsvatemof  eqi 
B  we  get  by  elimination  of  g  aady 

\Q:--Lr..  i'+q;    k 

\.%,  Ji  +  S,  -iS  +  S) 

i  Expanding  this  determinant  (first  eimplifying  it  by  addiiij; 
tlie  second  column  to  the  third),  remembering  that  since 
P/<^  =  i>7§  =  If/.S\    tlie    relations    (if  +  A')C  =  (-P  +  (?>'. 

1  iF'  +  Q)S=  {S  +  S)Q,    hold,  and  putting  (y  -  r.yr.  =  Iili\ 

■    .r,   =  y.\j{}{  -f  «;  we  find 

bi=y\{K  +  t+q)UV-KSL\.     .     .     .     (37) 

If  the  ri^ht  Iiand  side  bezero,  and,  as  will  generally  be  llie  case, 
the  determinant  A  does  not  vanish, y  must  be  zero.     Hence  j^ 
order  tliiit  tliere  imiy    be    nu   integral  current  through  I 
gnlvanometer,  it  la  neceasury  and  sufficient  tlint  as  stated  ii 


i 

ng  ^ 


i 


COMPAEiauK  OF  SELF-IXDUCTANCES  i 

Wl«  tlie  resistniice  of  tlie  Imlten-  brnacli  JS,  we  ensily  Aimutia; 

giiccoiiDt  ofllie  relfltioria  I'/Q''^  P'/Q=  RiS,  tliattlio  mentof 

of  [lie  wliole  cirtiiit  for  etenilycurrenta  is  Biiii(w  ft 

r+siq  +  Q-  +  S);iR  +  A-).  l>i 

R-n  J  jpiilling  ff  for  tlie  electromotive  force  of  tlii;  liattery  wc 
■"■■>=■  £!{•■+ HiK'+  q  +  q')l{B+S),  nixl  in^tesid  of  (3G) 


|;.(ff+,T)  +  /i'((;i+(?-+.V)||C,V+W(G  +  /f+.V) 


iD  tilaol,  ff'is  ivritteii  for  Q  +  A"li7{A'+  i*  +  ([f) 

If  />  denote  the  deooiniDatur  in  tliis  espretiHiun,  then  in  order 
liwt- tlie  tirraiigeuient  may  be  a*  nensitive  as  possible  i>/^  must 
l>Mn»)it  a  minimum.  For  giiiipliclty  \€tl'  =  q\ff  -  Q,Ji  =  S. 
Tbii  S  li  lo'be  so  cTiosen  tlmt  DJ.S  bIiaII  be  imiiirfmuui. .  This 
i'.'ifie  onlinarj'  inetliod  is  found  to  be  tlie  case  wlieu  i 


J2r+  Q+(y}Gir 


Tills  comparison  may  also  be  effected  Ly  means  of  a 
iliS'i-rential  galvanometer.  The  two  coils  uf  inductances 
L.  ami  resistances  if,,  R^,  are  joined  as  shown  in 

.  I  :\m  with  non-inductive  adjustable  resistances,  and 
^.l«nce  is  obtained  for  steady  currents  without  the 
TOss-conductor  of  lesiatance  S.  It  is  plain  that  if,  as 
vf  suppose,  the  resistance  of  each  coil  of  the  galvano- 
aebeV  is  the  same  (6'J,  and  their  effects  on  the  needle 
le  et^ual  for  equal  currents,  tlie  additional  resistances 
Fi,  Jfj  (including  connections)  must  be  equal  to  ^j,  iJ, 
^mectivelv.     If  S  be  the  electromotive  force  and  :■  the 


Coinimri 


MEASUKEMENT  OF  INDUCTANCES 
reaistaiioc  of  the  battery  the  steady  current  in  each 


A',  +  _R'  +ff  f  2/ 


J? 


E 


The  crosa  cooductor  is  then  applied  at  the  points 
junction  P,  Q,  and  the  balance  for  steady  currents  ij 
tested  and  if  found  to  be  disturbed  is  restored  by  slight 


shitting  one  or  both  of  the  contacts  i*,  y.  Theresiataa( 
8  is  then  adjusted  tiiitil  there  is  no  deflection  of  tl 
Qccdle  on  depression  of  the  battery  key.  When  tl 
adjiiatnieat  liaa  been  made  the  relation  ia  fulfilled 

£,  _  OK,  +  .? 

L^~S         

f  If  .i,  ^,  be  llie  eurrBUts  from  J',  Q,  reapeclivelj',  to  tlii 
VDnoiiieier,  i  thut  froiu  FtoQ  througL  the  cross- conneL'tign,  the 
omrent  arriving  from  tlie  battery  ia  i  +  i  at  J",  and  j  —  i  at 
O.  Hence  if  r  be  tlie  inductance  of  each  galvanometer  coil,  M 
tlieir  matual  inductance,  and  tlie  inductances  of  otlier  parts  of_ 
tlie  circuits  be  negligible,  the  equations  of  c 
circoits  JPGhA,  JQGF.i,  JFQA  are  by  (6) 


COMPAklSON  OF  MUTUAL  ASD  SELF- INDUCTANCE 

f    +.tt^  + £i  {*  +  «+(«,  + A', +  <?)i  +  r(J +y)  4- fl,i=A-  I 

i,(l  +  i)  +  Si+/i',(i  +  i)-J?',{/-i)  =  0. 

Integrating  tlie  tirat  two  of  tlieae  equationa  over  the   nee   di 

ibe  current  in  each  circuit  fruni  zero  to  the  stendy  volue  y,  and 
sobtrjcting  the  Hecond  integral  from  the  lirst  we  get  since 
R^.=  St,  ff,  =  S, 

il^-l.:}y  +  {R,  +  R,+  G)(^-y)  +  (H,  +  Ii\)i  =  0  .     (41) 

Alio  thv  third  equalioa  intagruted  gives 

£.7 +  ^  ('-!')  + (2^1 +  *)-=»  ■   ■    ■   ■    C-ia} 

Substituting  in  (41)  tlie  value  of  t  given  by  (42)  and  solving 
for  r—jr  we  obtain 

i2R,  +  S)lt-Sl., 


''"    2«,(flj+ff)  +  5(fl,"+ff5+G) 
In  Older  tlmt  iliis  inajr  be  zero  ivc  mUHt  Imve 


(43) 


Elfectivf 
CuiTent  ill 

DilTeran- 
Hal  Galva- 


TLe    value 


-y=K 


SI(Si  +  fl,  +  e  +  2r)    suli 


<44) 

.iiled   for  y   in  (43) 
(46) 


The  reriatoneeB  fl,,  Ji^  are  fixed,  oud  in  practice  G  alsn  iw 
f^ren.  If  the  galvaiiDmeter  is  too  sensitive  l!ie  mngnetic  field 
at  the  needles  may  be  inoreased  in  intensity,  or  the  coiia  may  be 
■hnnted  provided  the  shunt  is  precisely  the  same  in  inductance 
{if  anyj  and  reaislaiioe  in  botli  canos.  The  flow  through  eaoh 
coil  will,  if  S'  be  the  resistance  of  the  shunt,  he  simply 
^~S>)  ^llf^  +  ^1  '^*  it  would  be  it  the  galranonteler  coils  nnd 
shunt  had  no  indiictanue. 

Maxwell  has  also  given  the  following  method  of  com- 
|inriiig  the  mutual  imiuctaiice  M  of  two  coils  with  the 
_8elf-mductance  of  one  of  theni.     One  of  these  coils,  Cj, 
.  TOL.  II.  H  H 


MEASVKKMERT  OF  ISDUCTASCES 
Bti>ui-   of  indiictoace  i,  (>  Jf)  is  included  in  the  branch  i 
btiul     C^^-  ^^^J  "^  ^  WheatBtone  bridge,  and  tlie  other  c 
C^  of  the  pair  is  joined   up  with  the  battery  in  i 

recoils  branch  jifi.    The  galvatiomcter  is  in  the  branch  I 

"iS^""  ^'  ^'  G.  ^.  -S  be  the  resistances  of  the  biunches  .40, 
snceof  AD,  Cli,  DB,  and  let  balance  be  ubt&ined  for  steady 
currents  so  that  FS  =  QE.     Then  if  the  coils  be  proper 


placed  the  ratio  PIQ=RlS  can  be  so  adjusted  that  th 
is  no  vaiying  current  through  the  galvanometer,  and 
relation 


(^-f)  = 


'{^^f) 


is  fulfilled  if  the  inductances  of  the  other  branches  ax 
negligible,  or  are  balanced  in  the  manner  described 
below. 

In  order  that  the  bridge  may  be  balanced  for  both 
steady  and  varying  currents,  the  coils  must  be  so  plac 


ISOUPARlsnN  OP  MUTUAL  AND  SKLF-INDUCTANCE 

it  the  iaductive  Actions  in  the  branch  ^C  are  opposed, 

3  the  resistancea  mljusted  until  no  deSection  is  pro- 

DCil  on  depressing  or  raising  the  battery  key.     After 

alteration  of  the  ratio  PjQ  or  RjS  balance  for  steady 

must  be  restored  before  testing   for  varying 

Senta.     To  avoid  the  repeated  adjustments  necessary 

this  process,  a  non-inductive  coil  is  joined  between 

and  B,  and  varied  in  resistance  nntil  no  deflection  is 

taincd  on  depressing  or  raising  the  battery  key  after 

galvanometer  circuit   has   been   completed.     The 

snce  of  this  coil  does  not  affect  the  balance  for 

ly  currents,  so  that  when  PS  has  once  been  made 

joal  to  QR,  this  adjustment  is  not  disturbed.     Now  if 

W  be  the  resistance  supplied  by  this  coil  and  E  the 

jjoidt  in  it  at  the  potential  of  C,  D,  it  is  divided  into 

Iwo  parts  AE.  HB  by  the  point  E  the  resistances  of 

i^ch  are   QW  I  {Q->rS),Syi^ I  {Q  + S).     Since   if   ive 

E  may  be  taken  as  in  contact  with  D  the  former 

'  these  may  be  regarded  as  a  shunt  on  AD,  bringing 

down  to  the  resistance  QWl{Q  +  fi-^\V),  which  givea. 

r(46)  iherelatii 

P     P  + 


SUOSM 

Shunt 
Cd] 


--"(-f^^^- 


(*7) 


It  will  be  noticed  that  there  is  want  of  generality  of  Briliota 
|i]icatioQ  in  this  method,  inasmuch  as  both  (46)  and  , 
7)  require  that  L>  M.  It  has  been  pointed  out  by  M^tl'jj 
Brillouin  that  the  method  is  made  perfectly  generally 
1  the  relation  between  L  and  M  simplified  by  puttinj 
B  coil  Cj  in  the  shunt  branch  between  A  and  . 
khiDce  for  steady  currents  is  first  obtained,  and  thw 
II  u  2 


MKaSI  KKMKN'T  OK  IXI'nTAXCE:^ 

tin;  loUil  ic-sistdiK-..'  II'  i.if  till.'  A\ma  bciiiidi  is  alterdi 
until  b:tlatico  is  also  nbtaineil  on  making  or  breaking 
tlie  battery  circuit.  The  relutiou  between  L  and  M  is 
then 


W 


if  . 


(48) 


Unlmown 
Induct- 


It  is  of  great  importance  in  this  method  that  the 
JQiluctances  of  the  other  branches  of  the  bridge  shoal^ 
be  as  nearly  as  possible  zero,  as  sensible  indactsnoe  o^ 
unknown  amount  unallowed  for  may  vei?  seriotul^y 
affect  the  accuracy  of  the  result  obtained.  The  coiXj 
used  for  balance  should  therefore  bo  as  nearly  as  potsibXc 
non-inductive. 

It  is  shown  below  that  if  the  branches  AD,  CB,  QB 
have  inductances  Zj,  L^  Z^  the  complete  condition  for 
balance  when  the  battery  key  is  depressed  or  raised* 


.i..A-/'(f-|-§)  =  o. 


C*8> 


where  h  denotes  the  factor  1  +  P/^  +  (/■  +  Ji)/ IT,  oc=: 
simply  (^4  E)\  W,  according  ae  the  coil  C,  is  pUced  in*- 
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Q     R      S 


0  . 


(50) 


ThU  operation  nithoul  some  special  appliance  will 
»volve  successive  adjustoienta  to  balance  for  steady 
nrrents  at  every  alteration  of  the  resistaueea,  but  this 
lay  be  avoided  by  naing  for  one  of  the  coila,  aay  that 
t  DB,  a  coil  of  variable  inductance  such  as  two  coils 
unecl  in  series,  one  of  which  is  within  the  other  and 
ftpable  of  being  turned  round  to  any  angle  of  inclina- 
u>D  of  the  axes.  The  self-inductance  of  such  a  pair  of 
oils  is  made  up  of  two  parts,  the  sum  of  the  self- 
Ikductances  of  the  component  parts,  and  twice  the 
nutual  inductance  between  them.  The  latter  part  can 
varied  by  varying  the  positions  of  the  coils ;  ami  by 
his  means  when  once  balance  for  steady  currents  has 
een  obtained,  that  for  varying  currents  may  he  obtuined 
Iso  mthout  altering  the  resistances  of  the  branches. 
This  done,  C,  may  be  included  in  AC  (thus  makingf 

lite)  and  balance  for  steady  currents  restored  by 
idjasting  P  to  its  former  value.  Balance  for  transient 
mrrents   is   then   made  by   varying  W,  and   we  have 

rately  L  =  l-\f,s\acQ  L^.  L^,  L^.  Q.  E,  .'?  Uve  not 
een  altered. 


Brtr' 


.  diffiarent  luetbod  of  correction  was  employed  by  M. 
Brillouin.  If  tbe  roilti  of  a  roeixtatice  box  tiiode  of  wire  doubled 
is  itself  before  being  wound  hnve  identical  dimenBiona  nnd  be  Meihm 
nude  of  wire  of  the  sumo  speciliL'  oonduolivily,  but  differ  only 
in  length  and  diamelor  of  wire,  and  moreover  he,  fla  of  course 
"ley  generally  are,  witboiit  mutaal  inductftnce  of  seiiaible 
jiount,  the  rutio  of  ibe  smnll  reaidual  inductance  of  any  coils 
thicli  iu»y  he  uued  from  tlie  box  to  their  leRistftiice  will  be 
_pproxiinately  the  same.  This  who  found  to  be  tlie  case  for  a 
[nHiettiice   box   used   by   Brilloiiin    in    his   inviiHtigationa,  nnd 


MEASUBEMENT  OF  INDUCTANCES 

ncconliiiKly  this  liui  ««a  i)»ed  lo  give  L^R.  Bulaoce  bolt  f 
flteiidj-  nnd  varying;  currents  linritig  first  been  obtained  with 
uerlaia  values  of  P.  Q,  R,  S,  »',  bihI  £„  L^  l„  L^  n.  resiMt- 
auue  r  of  inapprecinble  indiictHnce  wub  added  to  P,  and  the 
balances  restored  bj  varying  S  and  /Tto  new  vulnea  R'  and  JT". 
The  eqiiittioiis  were  then 

-i-.tf  +  i,       4       /..  .    /.,       „ 


/■         V     «     s 

fif+/.,     /^    /.'./., 

=  0 

i.jn=L\ui'en\x- 

^^\H'-k)L  -  i.-\M 

A  general  investigalion  giveu  by  M.  Brillouiu  sboi 
that  in  order  that  this  com  pari  son  may  be  carried 
with  all  the  rxactneBs  of  which  the  methwl  is  capal 
tlie  galvanometer  ought,  if  used  without  a  commutator' 
giving  a  steady  deflection,  to  be  from  100  limpB  to 
1000  times  as  sensitive  for  transient  as  for  stendy  cur- 
rents, Thus  to  obtain  a  sufficiently  great  galvanometer 
deflection,  u  rapidly  rotating  comniutattng  arrangement 
such  as  Ayrton  and  Penys  Secohrameter  (p.  457  abovej 
must  be  employed,  if  very  high  accuracy  is  aimed  at, 

Th(Kit)>  of       Itoferring  to  Fig.  115  let  the  inductnncea  <jiAC,  AD,  CB,Dit 
Hetho'l.     AEH,  nnd  the  gnlvanometer  branch   Of,  be  denoted  by  J^, 
I  ^ii  '-It  ^'Ai  ''r  respectively,  and  let  i,  ^,  j,  i,  lie  the  currents 

^m  the  batttery,  ^6',  CD,  and  the  shunt  brnnch  AEBal  nay  insts 

^m  then  integrating  over  the  whole  interval  of  varintion  of  currei 

P  at  "make"  of  the  battery  circuit,  nnd  putting y,  i't,  ji,  r«  forttj 

■  corresponding  values  of  the  steady  currents,  we  get  for  m 

integral   niiiintions  uf  cnrrenls  for  tho  circuiln  ACDA.   CBDi 
ACSEA.  ^ 


COMPARISON  OP  MUTUAL  AIID  8ELF-INDUCTAKCE 

Bat  since  the  remElaDce  of  the  bridge  netwurit  ie 
Mid  tlierefoL'e 

■y(/'+/o 


■      S(P+A)-i-»-{/i  +  Si'' 
?nin  {y-i,~f.)li.=  PI(l  H^liieh  gives 

■  =      "^  r  (fl  +  S)  _ 

Sub&titutitig  ihcBB  valoes  of  #.,  i„  in  (62)  and  eliiLiinating 
m  imA  t,  we  see  that  since  PS-'QU.  tiie  coefficient  of  u  identi- 
rally  TAnialies,  nni'l  we  And  nfler  enny  rediictioiiB 

;r(/i+.9i^+'''('+^T^)-''(H-t) 

J=  -^_j^^ ^~       ^ —  V  (53) 

where  A  denotes  tlie  determinnnt 

I  <f.    P-i-Q.       Q    \ 

-(n  +  R  +  S),    R  +  S,         s 
I  - «,     P  +  fl,     -  B'    ' 

If  the  coil  f^itiincliideti  in  theBbunt  bnach  A ES,  tbo  term  in-    I 
VoMng  jV in  the  first  and  tliird  equation  of  (52)  is  -  Mi,  instead 
of  3fy.     Hence  in  llie  value  aif  given  hy  (53)  we  liave  only  to    '- 
nuiliply  ^f  by  i,/y  tu  Rnd  the  proper  relatiun  fur  tliin  ciise.     But    ' 

i.'y  -  ,¥(/'+  ffl)/lA-(P  +  li)+  W{K  +5)1. 


MEASURKMK.NT  OV  JNDUCTANCES 


The  mulliplier  of  .tf  in  the  iiuitier 
n  the  right  of  (53)  tbereforo  bepoitii 


\       Q^     IF   }S 


IF(P-i-Q)+Q(J'+J[)S  P+R_Q.<!  P+R     P+S 


aince  FIR=.QIS. 

In  order  that  ^  n 
dition  ia  thus 


l:  +  J'('+{ 


e  cftse  of  Miixwell's  arningement  J  or 


(» 


§)-■ 


in  Brillouiii's  mod  if]  cation. 

It  ia  therefore  aeevKeary  iti   order   that  no  error  of 
mEignitiide  insy  enter  into   the  reiulte  tlint   £«   £9  £4  r 
either  negligible  or  capable  of  approiimare  estiniation. 
latter  is  the  coae  the  correcting  terinciin  be  at  once  found   fro 
(64)or(Sl'). 

We  may  iiiveBtigate  tlie  most  aensilive  arrangement  of  tl 
SnnsitiTe  '•'''^K*'  f'"'  t'"'*  coiniiarieon.  This  wo  aball  do  liy  (a)  finding  t' 
An'nnge.  value  of  R  for  a  given  value,  p,  of  the  ratio  Pjil,  «nd  n  giv 
ment  of  gnlvunomeler,  (£)  fiuding  the  proper  reHJstnnce  of  a  galvsnotnetal 
Bridga  ;  bobbin  of  given  sliape  and  dimensions  fur  uas  with  the  bridal 
~~  Let  r  be  the  resistunte  of  the  buttery  (and  the  coil  if  includi 

between  A  and  B),  then,  if  W  bo  Btippoaed  infinite  for  tl 
present,  the  resiatanoe  of  the  circuit  ia  r  +  5(/'  + *)/(«  +  ifl| 
Hence  if  ff  be  the  eWtromotive  force  "ji  the  battery  we  h»v( 
y  =  EiR  +  S)l\r{H  +  S)  +  5(/'  +  fl)}.     Hence  (53) becomes 


'■__ ^(j      R     ^ 


K  gives  the  best  value  of  R  for  use  wilh  a  given  galvaim- 
,  If  however  there  is  ii  choice  ofgalvanoiueter-bobbinBnf 
ne  rotuine  and  arrangement  of  wire  but  of  different  re- 
W,  0,  then  for  «  given  current  the  galvnnometer  effect 
eed  by  each  bobbin  varies  as  VO,  provided  the  thickneas 
insulating  coaling  be  in  u  coDstant  ratio  to  the  diameter 
wire,  or  be  so  amitll  an  tu  be  negligible.  Thus  in  order  to 
be  condition  for  a  innximura  wo  have  to  aiib«titiite  for  the 
linatOT  {D  say)  of  the  expression  on  the  ri>;ht  of  (5S)  a  new 
linator  If  =  Dj  •JO.  Thus,  calculatinK  diyjdQ  and  equat- 
tero,  we  find  in  addition  tu  (5G)  the  condition 
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condition  that  tlie  deDoininalnr  of  Ibis  cxprcBaioii  may 
easily  fmiiid  in  tht  ordinnry  wny,  iind  is 

Pip 


}P  = 


(;p+T(p+i) 


(5fi) 


U)  Witi 
given 

Galvani 
inalBr, 

(2)  Win 

S])Cci»l 

Oulvam 


P    P+it  ' 

give  for  R  the  qundrstic 


<■"!! 


(mm 


laa  two  real  roots,  one  positive,  the  other  negative.    Tli 
it  therefore  the  required  vnlue  of  Ji  and  substituted  i 
rea  the  valne  of  Q. 
Dod  practical  example  is  that  in  which  one  of  the  tw 
Bomparatiyely  small  rcKistimce,  ne  for  example  the  primary  fl 
lubmkorff  induction  coil.    If  this  be  put  in   the  hatlerya 
j  and  the  cells  have  a  low  internal  resistance,  r  mny  bsJ 
ual  to  Kera,  and  we  have  then 


W  results  ure  not  nficcled  in  the  least  by  the  inlrudiictionl 
wire  of  resistance  U\  since  we  should  then  have  inet«Bd'a 

A  Haply,  QITKQ  +  S  +  IK),  SIFKQ  +  S+JF)  respec-f 
and  p  would  have  the  value 

I  (SG)  and  (57)  wonld  not  be  altered. 


IS  of  eight  experijDenlH  from  vliicli  tliese  results   i 
selected  gave  a.  nieno  value  uf  A'  =  4'6&9fi. 

Four  other  eiperiments  wade  witli  S  nail  S,  1000  oliins  a 
10000  ohma  respectively,  and  willi  values  of  Q,  U76-3,  1178-^ 
lll>6,   n64-8  olipia,  gave   renultn  agreeing  very  well  with  c 
anutlier,  but  funiialiing  a  somewhat  difEercnt  mean  value  of 
□aiiiely  4 '6397. 

Two   experiments   in   which   these   mem  values  of   t    wi 
respectively  used  to  find  Lj.V,  gave 


9, 

R     !     -V 

1 

;*■' 

i'           1       -/V-V    1 

379  6    1000 
ST85    1  1000 

1000 
10000 

61ii-2±-5 
394  5+  6 

4-602+ -004 
4M4+  0O4 

4-eei±-oo3 

4-S60±-00fi    1 

A  rapidly  mtnling  coininutolor  waa  used  ua  described 
*■    mnke    and  break  the  buttery  circuit  ao  us 
Bcosibilitv  bv  giving  a  steady  deflection  of  tlie  gatv; 
when  the  condition  for  balnnce  was  not  fulfilled. 

The  mutual  inductance  M  of  two  coils  may  be  com-  Mutual 
pared  with  the  self-inductance  Z  of  a  third  coil  by  the  '"Jutt 
following  method,  which  is  also  due  to  Prof.  C.  Niven.*  Two  Coi 
One  of  the  luutiially  acting  coils  is  included  in  the  ^°J[,''g" 
Uittery  branch  AB,  Fi;;.  116,  of  a  Wheatstmie  bridge,     Induct^ 

Third. 


4 


the  other  b  placed  as  a  shunt  across  the  galvanometer 
branch  CD.  Balance  is  first  obtained  for  steady  cur- 
rents, then  the  resistance,  .f,  of  the  shunt  is  altered 
until  there  is  no  deflection  of  the  needle  at  make  and 
—break  of  the  battery  circuit.     Then 


M 


(60) 


;  sIirII  denote  by  P,  Q,  R,  S,  G,  aa  before,  the  r 

efour  brunches  of  the  bridge  and  the  galvanometer,  by 

',  the  reeiatance  mid  inductftnce  of  the  coil  shunting  tlie 

pkanometer  brunch,  by  r  the  inductance  of  the  galvanometer, 

>y  ".  t,  f.  J  the  curroutB  at  any  instant  through  the  buttery,  the 

E)lraiic)i  AV,  the  galvanometer,  and  S',  and  bv  y  the  steady  our- 


•  Phil.Mnii.,  SeiH.  1S87. 
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The  Eecohm meter  iB  nov  stopped,  and  a  stead 
current  through  the  galvanometer  is  produced  by  alta 
in^  Q  to  Q  +  BQ,  Then  it  will  be  seen  from  the  i 
tigation  below,  that 

.       JSy  J'  tan  g,  I 
«.    §  tan  tfg  I 


-     .     (6i 
,  _  SQ-P  »,        t 
'■-   n    Q6\        I 

if  the  deflections  are  small. 

By  first  balancing  for  steady  currents,  then  allern 
^  by  a  convenient  amount  hQ,  and  rotating  ^ 
commutators  at  a  proper  speed,  the  induction  current 
may  be  made  to  balance  that  due  to  the  disturbance 
of  balance  so  that,  no  deflection  is  produced.  When 
this  is  the  case 

^-'^  n   Q   -ff^ V6I 

if  the  angular  deflections  are  small.  Here  A:  is  a  < 
efficient  depending  on  the  relative  positions  of  tb 
gal  v»  no  meter  and  battety  commutatiji-s,  and  may  b 
determined  once  for  all  by  determining  the  other  quaa 
titles  for  a  known  self-inductance  L.  The  galvano 
must  not  be  reversed  exactly  or  veiy  nearly  midw^ 
between  two  reversals  of  the  battery,  as  Ihe  more  neail 
this  arrangement  is  made,  the  smaller  must  be  the  vali 
of  i  and  the  greater  BQ.P/Q  for  the  necessary  balance 

Theory  et       Tlie  integrBl  trauBient  current  tlirough  tlie  galvano  meter 

Mutkod,    ea8]lj>  found   as  follows.    Let  r,  i,  i  be  the  ciirreota  in  J 

tlirougli  the  gnlvanotnctcr,  and  tlirougb  the  battery,  at  u 

iiiatntit,  r,  G,  the  nelf-inductunce  and  rsBistance  of  the  gftlva^ 
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meter,  lUen  from  the  circuiu  ACDJ,  CSDC  (Fig.  117)  wo  get 
tbe  MiitalioDB  ot  cunents 


^ 


Li  +  Pt  +  ri/  +  G^-Q(i-i}=Q 

7f(i-y)-5(i-i+y)-rji-Gy=0. 

il  of  variiilioQ  give  Intpgi'nl  i 
Vuryiug 


'■■('+|)+'('+l) 

Tlius  Uie  How  through  Ihe  galvnnuineter  ie  the  same  us  that 
iloe  to  an  electromotive  impulse,  Li,  in  JC,  nclinif  inilepeiidciitly 
of  the  batteiT  htanch  AB.  For,  any  eleelromolive  force  c.thtiB 
acting,  would  give  u  current  tliruugh  tbe  gfllvaiionieter  of 
amount 

R+S 


The  iniiuctiLDce  of  the  galvanometer  would  not  affect  this  result, 
and  IE  therefore  luit  introduced.  Thus,  if  we  put  for  the  integrul 
of  t  the  value  Li-,,  we  get  tbe  result  elated  above. 

Now  if  i,  denote  the  atesdy  current  through  the  branch  Al), 
the  Rteady  currents  through  the  galvanometer  and  the  other 
branches  of  the  bridge  Bntlafy  the  eqiiatiotia  (oblnitied  from  llio 
circuits  ACDA,  CBPA,  and  the  circuit  ACBA,  through  the 
battery), 

Iffx,-«?+ff  +  5)j,-S;,=0       .     .     ,     .     (68) 
{P-\-R+r)i.-Iii.+ri.  =  E] 
wliei 
i 
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i.luctaiice  of  any  kind.  A  batleryis  placed  in  the  braiu 
AB,  and  a  ballistic  galvanometer  ia  the  branch  CD. 

Balance  for  steady  currents  is  first  obtained  by  d 
pressing  the  battery  key  Ki,  and  a  second  or  so  aft 
wards  the  key  ATj.  Then  K^  is  depressed  first,  and  t 
angular  deflection  0j,  produced  by  putting  down  A',, 
observed. 


The  balance  for  steady  currents  is  now  disturbed 
altering  the  resistance  P  to  P  +  BP.  or  Q  to  Q  +  £< 
We  shall  suppose  that  the  latter  change  is  made.     Tb 
deflection  &,,  produced  by  the  steady  current  nhicb  ooi 
flows  through  the  galvanometer  when  both  keys 
put  down,  ia  read  off  and  noted. 

If  i„  i„  be  the  steady  currents  which  flow  throi 
the  branches  .46',  AD  respectively,  after  Q  is  change 
toQ  +  BQ,  and  T  be  the  period  of  oscillation  of  U) 
needle,  then  it  is  shown  belnw  that,  subjett  to  con-ecta< 
for  damping, 

r,    TT     tan  ff^  *■" 

The  ratio  ijil;  can  be   found  as  described  below,  ai 
thus  L  can  be  calculated. 


HPAnisoN  OF  ikductanck  and  besistanc 


The  secohmmeter  can  be  applied  to  iucrease  the 
Dsibility  of  this  methoil,  and  the  arrnDgement  of  the 
iparatus  is  shown  in  Fig.  118.  BC  denotes  the  battery 
>mmiitator.  GO  the  galvanometer  commutator.  The 
TOWS  show  the  direction  of  rotation  of  each  as  seen 
sm  its  side  of  the  instrument.     After  the  bridge  haj* 


jen   balanced  for  steatiy  currents,  the   instniment  is 
itatcd  at  a  speed  deterinitoi  by  a  speed -measurer,  and 
makes  say  n  reversals  per  aeconti.     Let  the  steady  de- 
Section  of  the  galvanometer   needle   be   ^^,  then  the 
unifonD  current  equivalent  to  that  producing  the  deflec- 
10  is  2f  tan  $JQ,  where  H  is  the  field  intensity  acting 
the  needle,  and  6  is  the  constant  of  ihe  galvano- 
'ter,  aupposed  to  be  a  tangent  instnmient. 


F 


If  aow  I  represent  the  displacement  from  the  □ 

suOaequent  time  we  have 


« constantf.    Then 


when  / 

=0.    Thu 

J  COS 

«-J(.±^. 

Again 

vlien  (  =  0 

t  =  b,  and  tliertfore 

Hence 

ve  Imve 

A 

in  ..-A 

- 

i(«±<'„)« 

"?--"■ 

This  repreaeats  a 

vibrBlion 

r  which  tlie  an- 

Corrected  where  A  was  the  obsarved  arc  of  iteflection.  The  correction 
Value  of  given  by  the  last  term  was  very  small.  iA  was  the  are  between 
Induc^oD  tlio  two  turning  points  immedinlely  following  the  reversal.  As 
DuttecUoa.  ^  check  readiiiga  of  the  two  following  turning  points  were  also 

t  taken.    The  new  xero  was  ohtnioed  from  two  successive  elong»-  - 

tions  of  tlio  needle  which  were  observed  after  the  needle  hid 
nearly  come  to  real  in  its  new  position. 
The  next  time  the  needle  passed  through  the  equilibrium  poa 
tioD  va  induction  throw  in  the  opposite  direction  to  the  ki 
wu  taken,  and  the  four  immediately  following  elongatiODI 
observed. 
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485 


Readings  were  then  taken  as  quickly  as  possible  of  the  steady    Obser 
current  deflection  produced  by  changing  the  coil  of  758  units     tions 
to  853  units.     Readings  of  three  or  four  successive  elongations     Steac 
were  taken  as  soon  as  the  amplitudes  had  become  moderate.  _5!?"^ 
Then  the  galvanometer  branch  CD  was  opened,  and  the  battery  I^€"«c^ 
current  was  reversed  while  the  needle  was  parsing  over  to  the 
other  side  of  zero.     When   the  needle  had  swung  over,  the 
galvanometer  contact  was  restored,  then  four  elongations  were 
again  observed.    The  arc  between  the  two  positions  of  equili- 
brium was  thus  twice  the  deflection  duo  to  the  steady  current 
produced  by  changing  Q  from  23*25869  to  23*34322  units. 

A  correction  of  course  had  to  be  made  for  the  efl'ect  which 
would  have  been  produced  by  reversing  without  changing  Q. 
This  was  obtained  from  the  observations  of  the  effect  of  imper- 
fect balance  made  before  each  induction  throw  ;  and  any  pro- 
gressive change  due  to  alteration  of  temperature  was  got  rid  of 
by  using  the  mean  of  such  observations  made  before  and  after 
a  change  from  753  to  853  units. 

The  following  is  a  specimen  set  of  observations.  In  the  table 
E.  P.  stands  for  ** equilibrium  position,"  and  L  T.  for  "induction 
throw.*' 


Time  of           1 

Position  of 

Rendings  on  Scale,  and  Dt  flectionii  in 

Observation.       1 

1 
1 

Battery  Key, 

Scale  Dividions. 

i 
1     3  h.  36  m.      1 

1 

Left. 

E.  P.  264-4^ 

L  T.  246  6  1  Res.  763 

3  h.  38  m. 

i 
i 

Right. 

E.  P.  262-5  f  units. 
L  T.  2.5-9; 

1 

3  h.  40  m. 

Right. 

E-  P*  1S2-3  1  ^^^  3^3 

3  h.  41  m. 

Left. 

E.  P.  344  7)    "°^^'- 

3  h.  44  m. 

Left. 

E.  P.  264-4 ) 

L  T.  245*7  f  Res.  753 

3  h.  45  m. 

Right. 

E.  P.  263*1  (    units. 
LT.  245-6) 

Resull 

Obser 

tioL 


^[F.A3rREME^-T  OF  IXDUCTASCES 

I.    I...  lir-i  -t  ..r  i!,..«..  r.--.„h^  tli«  .JifTerenL-e  r9  betwefD 

"  '        ,','I  ,  ■"   ,e;^o  .        ^*  ™^-'"  "■"   "'P'«.  16,  sublracled 

from  102-4  K»ve  160-8  as  tl.^  deflection  produced  by  replacing 
753  iimts  by  853  and  reveraing,  corrected  for  imperfecdoD  of 

Thus  the  ratio  of  the  two  HeflectionB  obuined  from  thii 
specimen  set  of  obMrvatione  was  245-9/160'S— 1  -589.  Twoaeti, 
each  of  four  ainiilar  observations,  the  second  tet  made  with  the 
galvanometer  revereed,  gave  each  the  mean  value  I-S3I0fortlii* 
riLiu,  BO  that  reveraing  tbe  galvanometer  produced  no  effect 

Ciilinp  D  the  distance  of  the  mirror  from  the  scale,  ij  tba 
induction  deflection,  2B  the  deflection  produced  by  reveniiig 
t)ie  battery  current  when  balance  is  disturbed  by  the  addition  of 
100  units  to  the  753,  all  three  qnantitiea  being  expreseed  in 
terms  of  the  same  unit  of  length,  we  have 


...M,.|,U.2«._£ 

since  ^-122-5,  5=80,  and  D=21B0, 

2  sin  R^^gggs  ■^-■99986x1 
un  flj                 B 

■6310. 
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ioestiniatinp^  tlie  ratio  i,<  ./•.?.  The  resistance  of  tlie  battery  being 
low,  the  difference  of  potential  between  A  and  B  was  taken  as 
{jiven.    Calling  it  F  we  have 


i,=  r/(10  +  23-25869),  i,=  F/(10  +  23-34322), 

80  that 

i«  __  10  +  23-25869 

i^""  10 +  23-34322 

Using  then  these  data  with  the  value  '08453  x  '987  ohm,  or  Fii 
•08453  X  -987  x  lO^  C.  G.  S.  for  dQ  obtained  by  regarding  1  B.  A.  Res 
anit  as  *987  ohm,  we  get 

Z«2-4028X108 

in  ordinary  electromagnetic  C.G.S.  units,  that  is,  in  cms.'* 

At  the  temperature  of  the  room  the  resistances  given  by  the 
boxes  were  not  exactly  multiples  of  the  B.  A.  unit,  and  the 
resistance  of  853  units  had  to  be  increased  by  fully  one  part  in 
&  thousand  to  give  the  necessary  correction.  Thus  dQ  was 
greater  than  the  value  given  abo%e  by  this  fraction.  Thus 
finally 

7y=2-4052xl08,  incms. 

Calculation  from  the  specification  of  the  coil  gave 

Z=2  400x108,  in  cms. 

about  1  in  500  less.     In  Lord  Rayleigh's  judgra:nt  the  former 
value  was  just  as  likely  to  be  correct. 

A  self-inductance  may  also  be  compared  with  a  Joul 
resistance  by  the  following  method  due  to  M.  Joubert.  JJ^^ 
A  circuit  is  made  up  of  the  coil  the  inductance  of  which  S( 
is  to  be  determined,  and  a  non-inductive  resistance. 
An  alternating  machine  giving  a  suitable  electromo- 
tive force  as  nearly  as  possible  following  the  simple 
harmonic  law  is  included,  and  the  mean  square  of 
the  difference  of  potential  between   the  terminals  is 

*  See  next  Chapter. 


an 
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compared  by  meaDS  of  an  electrometer  with  ' 
exktiiig  betveen  tlie  terminals  of  the  noa-iiidQctit 
resistance.  DeDoting  the  mean  squares  of  these  di| 
fereoces,  respectively,  by  K,  ,  V^  ,  and  the  resista 
of  the  corresponding  coils  by  ^,  ii^,  we"have 

where  n  =  iirjT,  T  being  the  complete  period  of  t 
alternating  current.     This  equation  gives 

-t(?p-')' 


(7i 


(71] 


The  value  of  n  can  be  found  of  course  from  tbt 
speed  of  the  machine,  and  the  number  of  alternation 
in  each  turn. 

To  find  the  ratio  Kj  /  V^   the  electiometer  must  1 
used  idiostaticolly  as  (explained  in  Vol.  I.  p.  299,  th 
is,  one  terminal  is  connected  to  one  pair  of  quadrants 
the  instrumeut  is  a  quadrant  electrometer;  or  to  th( 
stationary  electrified  system  which  acts  on  the  moval 
ayatem  or  indicator,  while  the  other  tenninal  is  attachi 
to  the  needle  or  indicator.     Then  the  mean  square 
the  difference  of  potential  between  the  terminals  will 
be  proportional  to  the  defioction  if  small,  or  if  the  oeedlg 
is  brought  back  to  a  sighted  eero  position,  will  be  pro* 
ional  to  the  couple  required   to  keep  it  in   that 
Mition.      Sir  William    Thomson's  itiulticellular  etec* 

^■tatic  voltmeter  *  is  well  adapted  for  this  measuroi 

•  Soe  tlie  Aiillior'fl  Suiaiki- Trenlise,  p   U2. 
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To  prove  the  formulas  statecj  above  lot 

ristuice  wliicli  does  nut  depend  on  tli 

tuparison,  A'sinn/,  Ibe  electromotive  force  in  the  circuit  nt 
may  itiitoiil,  nnd  i  tlie  current  at  that  instant.  Then  it  L -{■  L' 
<!■  die  total  inductance  in  tlie  circuit 

(L  +  L-)i  +  {A,  +  B^-\-r)  i=£sin  nt 

TTie  part  Li  -\-  E^i  ie  the  difference  of  potential  then  exisling- 
between  tbe  terminals  of  the  coil  tlint  ie  being  tested,  .^  ia  lliiit 
between  the  tcmiinals  of  thenoo-inductive  coil.  We  may  write, 
Iherefure,  if  '-        -    '     ' 


Ji^  =  r,si.,«/ 
Tlie  complete  Aolution  of  tlie  first  of  the 


i=At    '    +  - 


_J!i_ 


K-<)] 


n  the  right  dies  ont  in  a  «bort  tirn 
)  if  ihe  ronchino  wurks  regularly,  ui 


By  this  result  and  the  Bccond  of  (72) 

^/  =  V^* c<.a(W-f)  = 

■J  Hi*  +  B«i' 
tnd  therefore 

r*cos»f<,(-0=— "^^^i-', 


integrating  o 


mplete  period,  ' 


fhioh  is  (70),  and  the  rest  followi 


r 
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Compftci-  Maxwell  also  showeiJ  Low  to  compare  the  iadactancO' 
of  Self-  of  a  coU  with  tlic  capacity  of  a  condenser,  and  his  method. 
s'lce  Kith  ^^  aioce  heen  mollified  by  various  experimenters  so  a 
CiitMicity  to  obviate  the  necessity  for  successive  adjustmenta 
CaadenMT.  which  it  involves.  As  originally  given  the  method 
consisted  in  placing  the  coil  in  one  branch  of  a  Wheat-; 
stone  bridge,  as  DB,  Fig.  119,  while  the  plates  of  lh» 
condenser  were  attached  directly  at  AC.  Balance  foif^ 
steady  currents  is  first  obtained  and  is  not  affected  l^ 
the  condenser;  then  the  resistances  are  altered  until  E 
inductive  flow  through  the  galvanometer  is  produced 
by  making  or  breaking  the  battery  circuit.  If  C  be  tha 
capacity  of  the  condenser,  P,  S  the  resistances  of  th« 
branches  AC,  DJi,  the  relation  fulfilled  when  balaaof 
ii  thus  obtained  is 

L  =  PSC. (7< 


ThMiy  of      ''8t  M  before  P,  Q,  R,  S  denote  the  resiatancei  of  AC,  Al 

Mctboil,     CB,  DB,  L  the  itiductatice  in  the  branch  DB,  Mild  pui  C  for  ths 

pspacity  of  the  cotiHenser.     Lot  further  for  any  instant  i  denote 

the  current  nlong  AC,  i-i  the  current  dmrging  lhecnndenser| 

ind  f,  1]  tliB  potentials  at  ^  and  A 


Suppose  that  baU 
/■.?=  QR,  then  ir 
cijuul  (o  q  the  cu 


order 


.t  the  it 


oUlrf 
n  {  may  b« 

.  .  p.] 

■     ■    (7«i 
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roust  hold.  Bat  Pz  is  the  difference  of  potential  between  A  and 
C,  and  may  be  taken  as  that  between  the  plates  of  the  con- 
denser. Hence  the  charge  of  the  condenser  is  CPi,  and  since 
X  — i  is  the  rate  of  increase  of  this  charge  wo  have 

x-z=CF'z=^CQy. 
This  with  (75)  converts  (76)  into 


491 


ly  +  Sy^^y  +  RCQy 


(77) 


which  if  {  is  always  to  be  equal  to  17  must  hold  for  all  values  of 
y  and  y.    But  PS-  RQ  =  0  ;  hence  we  must  have  also 


L=PSC 


(78) 

and  S  and  P  must  be  chosen  so  ns  to  fulfil  this  condition  if  the 
current  through  the  galvanometer  is  always  to  be  zero. 

A  series  of  successive  adjustments  is  thus  necessary  Riming- 

before  the  proper  values  of  S  and  P,  and  balance  for  ^^jfica- 

steady  currents  are  obtained.     Mr.  E.  C.  Riraington  *  tion  of 
has  shown  how  these  adjustments  may  be  avoided  by 


Fig.  120. 

a  very  simple  modification  of  the  method.  The  balance 
for  steady  currents  having  been  obtained  as  before,  the 
condenser  is  applied  at  two  points  JSy  F,  in  AC  (Fig.  1 20), 
including  between  them  a.resistance^  (<  F)  such  that 

♦  Phil  Mag.  July,  1887. 
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witU  tlie  iniluclance  L  in  DB  no  deflectioa  of  the 
galvaoometer  needle  takes  place  when  the  battery 
is  depressed  or  raise*!.  The  resistance  p  may  be  tal 
from  a  resistance  slide  tlie  whole  (or  variable 
which  is  included  in  AC,  or  preferably  two  slides 
series  may  be  used  so  as  to  give  two  adjustable 
contact  pieces  to  which  to  attach  the  plates  of  the  con- 
denser. The  galvanometer  needle  should  have  sufficient 
moment  of  inertia  to  enable  the  whole  inductive  actioA 
to  begin  and  end  before  the  needle  has  sensibly  moved) 
for  the  effect  of  the  condenser  AC,  which  is  charged  bj 
the  current  from  A  to  E,  is  to  delay  the  rise  of  tbQ 
potential  at  C  to  its  final  value  after  the  battery  kej 
is  put  down,  while  the  inductance  L  in  DB  produces  4 
similar  effect  on  the  rise  of  the  potential  at  C;  henea 
if  the  needle  were  not  sufficiently  ballistic  it  migU 
show  a  deflection  due  to  a  difference  in  the  rate  oj 
variation  in  the  two  cases,  although  the  time-intej 
of  the  current  through  the  galvanometer  were 
zero.     The  inductance  is  given  by  the  equation 


L-C,K 


ntegra 
I  ruld 

(79) 


Theory  of       Wrilinj;   duwii   Ilia  equations    of  ciirrentB   for   Ihe   circuile 

Modified    ACDA,  CBDC,  piitliiig  i  for  llie  current  in  JEand  FC,  i  for  tlie 

MeOiod,     current  in  EF,  using  the  some  notalinn  Ba  before  for  tlie  otiicr 

quantities,   and   inlegrating  over  the  time  interval   from   tlie 

inotant  before  completion  of  the  bnttery  circuit  uulil  the  Hteady 

state  liae  been  attained,  we  find  hy  (6) 


(-P  +  ?)-' 


+  Cy-?. 


\ 


',  /„  denote  the  steniiy  currents  i 


(M 
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the  branch  AC.    Solving  f or  y  and  putting  >-i,=»;f,P/§,  we 
find 

{R  +  S){Cp^S-LF)x,  . 

^    S{G(R  +  S)  +  {G  +  R  +  S){P+q))    •    •    ^    ^ 

Thus  the  necessary  and  sufficient  condition  that  there  sliould  Condition 
be  no  integral  flow  through  the  galvanometer  is  for  Zero 

Integral 
r     r^S  Plow. 

as  already  stated. 

If  /»»P  this  gives  the  result  already  obtained  for  the  case 
originallv  considered  by  Maxwell. 

It  oagiit  to  be  noticed  here  that  precisely  the  same  equation 
may  be  obtained  by  integrating,  in  the  same  way,  over  the 
interval  at  break  from  the  steady  state  to  zero  current  in  each 
conductor,  so  that  the  test  may  be  repeated  at  breaking  the 
circuit. 

We  may  now  investigate  the  most  sensitive  arrangement  of      if^^t 
the  bridge.     In  general  S  is  given  in  magnitude,  and  ^,  which    Sensitive 
must  of  course  be  less  than  P,  will  in  most  cases  be  some  con-    Arrange- 
venient  resistance  depending  on  the  apparatus  available,  so  that     roent  of 
P  may  be  regarded  as  given.    Hence  we  have  to  choose  the     Bridge, 
value  of  R  (and  that  of  Q  will  follow)  so  that  r  may  for  some 
chosen  value  of  /}  be  a  maximum.    By  (81)  ana  the  equation 

SE 


r{R  +  li)  +  S{P+R) 


where  E  is  the  electromotive  force  of  the  battery,  and  r  the 
resistance  of  the  battery  and  the  wires  connecting  it  to  A,  £,  we 
get  easily 

The  numerator  of  this  expression  does  not  vary:  hence  calling 
the  denominator  D,  calculating  dD/dR^  and  equating  to  zero^  we 
find  after  reduction 

j,,__SP(G  +  S)(r+F)  ,.ox 

^-    (G  +  P)(r  +  S) ('^> 

which  gives  the  best  value  of  jR  if  that  of  0  is  given. 


JIEASUEEMENT  OF  INDUCTANCES 

If  however  tliero  is  a  choice  of  Bimilar|^niFaiioineter  bubbina  of 
liiffarent  reaietancsB,  tlien  iis  iiefore  (p.  473)  we  miiat  aubatitute 
for  D  a  value  JH^Ui'J'G,  calculate  dD'IdO,  and  equate  the 
THSulC  also  to  zeru.     Tliia  gives  aadtlier  eijuatioD  for  ti  and  R, 


I 


(84) 


iquntions  the 


From  (83)  nnd  (fl4)  aa  siinul 
G  and  R  are  to  be  found. 

If  p  is  ut  (he  diapoaal  uf  [lie  experimenter  and  can  be  varied 
bj-  small  steps,  the  best  urrnngement  is  tlint  for  which  when  y 
is  almost  zero  a  given  small  change  in  y  gives  a  maximum 
change  in  y.  Hence  if  poBsihle  we  hiive  to  arrange  eo  (hat 
(^/rf/j  may  ho  a  masimiim  when^  =  0.  Tlie  con  ditto  us  for  tliiis 
however  are  ao  complicated  as  to  be  unserviceable. 

Professor  Anderson  •  has  also  given  the  following 
simple  ballistic  muthod  of  comparing  the  capacity  of  a 
condenser  with  an  inductance.  A  bridge  is  made  up 
as  before  of  four  conductors,  and  a  condenser  and 
galvanometer  are  arranged  as  in  Fig.  121,  so  that  by 


means  of  mercury  cups  the  galvanometer  can  be  con- 
nected either  to  CD  by  the  cupa  a,  b,  e,  d,  or  in  aeries 
with  tho  condenser  in  the  branch  AB  by  the  cups 

•  Phil.  Mofj.  Apiil,  1891. 
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d,  e,f.     A  rocking  key  is 
itber  of  these  conuections  at  s 
sil  of  inductance  L  is   placed 
lanches  with   the  exception  of 
itute  of  inductance. 
Balance  for  steady  currents  is 
lalvanometcr  in  CD.  Then  when 
ir  raised  an  inductive  flow, of  inl 
through  the  galvauometer.     If 
DB,  the  vahie  of  y  is  (p.  481) 

Lx, 


c(i  +  J)  +  ^ 


tly  made  to  cflTect 
single  operation.  A 
in  AC,  all  the  other 
the  galvanometer  are 

first  obtained  with  the 
the  key  K  is  depressed 

tegral  amount  ij  passes 
r,  is  the  steady  current 
given  by 

:85) 


(>-f)' 


The  deflection  8^  produced  by  this  is  noted. 

By  means  of  the  rocking  key  the  galvanometer  ia 
joined  in  series  with  the  condenser  between  the  points 
A^  and  S,  so  that  the  plates  of  the  condenser  are  charged 
to  a  difference  of  potential  i;  (0  +  5).  If  G  be  the 
capacity  of  the  condenser  a  quantity  of  electricity 
Ci,  (6  -t-  jS)  passes  through  the  galvanometer.  The 
resulting  deflection  Q^  is  observed. 

We  have  then  by  the  theory  of  the  ballistic  galvano- 
meter and  (85) 


7;=c(e+5) 


K-D-K'-PHfeU 


The  fallowing  are  the  details  of  an  actuni  meae  lire  meat  m 
by  tfae  author  of  the  methoil.  A  coil  of  mean  radiua  30*9  c 
vound  with  278  tuma  of  wire  in  &  groove  of  breadth  1*894  c 
«nd  depth  I'lIG  cm.,  waa  placed  in  AG.     The  gulvs 


KD  ordinarj'  reflecting  ii 


nient  of  resiBtance  lij4*8  oiiir 


Deflection  ditc  to  induction. 
Deflection  dno  to  nharge  of  condenser 

of  *5  liiicrofirnd        .... 
Deflection  due  to  charge  of  condenaer 

of  -ib  microfarad      .... 


43-208  diviaiona. 
46125 


1 
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iU  period  made  aa  long  ae  possible  by  means  of  a  controlling 

magnet.     A  non-inductive  resistance  of  100  olima  was  added  to 

H  the  coil,  and  P  and  S  were  each  10  obma.    Balance  was  obtained 

^b  by  making  ^150-51  ohms.    The  mean  results  of  several  readings 

^H  agreeing  well  together  were 

L 


By  interpolation  itwas  found  from  these  results  that  a  eondenaer 

of  '4657   microfarad  capacity  would  just  give  a  deflection  of 
43-208  diviBions.    Thus  in  C.U.S.  unita  * 


=  4667x10-' 


=  -0687x10', 


xl50-51x(329G-f-150-51  +  IO)xlO"  ] 


Methoa        To  determine  a  mutual   inductance  the  mctbod 
Applied    yggj   ^^,^g .   One  coil,  C,.  of  the  mutually  influencing'* 
ynre      pair  18  joined  in  DB  as  before,  the  other,  C^,  has  its 
lucluotanco  terminals  joined  to  a  pair  of  mercury  cups  g,  h,  which 
are  arranged  so  that  a  rockiog-key  can  put  the  galvano- 


f»I>«ity. 


•  specincition  of  Fr 
Of  Mpaoity,  and  a 
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meter  between  A  and  B,  or  between  the  cups  g,  h,  so 
as  to  connect  the  terminals  of  the  coil. 

Balance  for  steady  cun*ents  having  been  obtained  as 
before,  the  terminals  of  the  galvanometer  are  connected 
to  g,  h,  and  the  battery  circuit  is  completed  or  broken. 
Calling  ^3  the  deflection  produced  and  denoting  by 
0^,  B^y  as  before,  the  deflections  obtained  by  operating 
with  the  coil  C,  as  already  described  (p.  495),  we  have 


and 


M=CiQ  +  S){r,  +  ff)'^.    .     .     (87) 


M r;  +  ^ sin  ^$g 


(88) 


The  inductive  electromotive  force  at  any  instant  in  the  coil  Theory  of 
C2  is  Mjp,  hence  the  integral  electromotive  force  is  Mxi.  The  Method, 
whole  quantity  of  electricity  which  flows  through  the  galvano- 
meter is  thus  Mxtl(r2+  G)  where  rj  is  the  resistance  of  the  coil 
C^'  But  the  quantity  of  electricity  which  passes  when  the  throw 
02  is  produced  is  Cxg  [  Q-\-S).  Hence  we  get  (87),  and  combining 
(87)  with  (86)  we  get  (88). 

As  an  example  Professor  Anderson   gives  the  following : —    Practical 

S=iy=l-003  ohm,  the  resistance  of  the  coil  C^ ;  rj=167-7  ohms,    Example 
=  164-8  ohms  ;  C=- 1  microfarad,  ^3,  ^3=72  and  5  scale  divisions  o^Method. 
respectively.     Hence  roughly,  in  C.G  S.  units 

if- 103  X  2-006  X  322-6X 14-4 
:=9315864 

Professor  Niven  *  has  shown  how  to  compare  the  Method  by 
inductance  of  a  coil  with  the  capacity  of  a  condenser    ?*?^^^'{' 
by  means  of  a  diflferential  galvanometer.    A  circuit  is  vanometer. 
made  up  as  shown  in  Fig.  123,  of  one  coil   of  the 

♦  Phil  Mag.  Sept.  1887. 

K  K 


c 
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diSercDtial  galvanometer,  the  coil  (of  inductance  L  a 
resistance  R^  to  be  comparetl,  an  additional  resista 
in  the  branch  AE  and  the  battery  B.  A  correspond] 
circuit  is  arranged  with  the  other  coil  of  the  galvanos 
meter,  a  non-inductive  resistance  flj,  an  additional 
resistance  in  the  branch  AF.  and  the  battery  as  before. 
80  that  the  battery  serves  both  circuits  as  shown  in  tli^ 
Figure.  After  balance  for  steady  currents  has  1 
obtained  by  adjusting  the  additional  resistances, 


H|l|- 

-       _^, 

r 



Q 

Fio.  laa. 

condenser  is  joined  across  the  two  branches  AE,  AF, 

nnd'the  terminals  shifted  until  no  deflection  is  produced 
when  the  battery-key  ia  depressed,  or  raised,  the  circuits 
having  been  otherwise  completed  previously.  liSTien 
this  is  the  case  the  following  condition  is  fulfilled         _ 


--  c  in:*  -  Bj-^). 


(89)1 


where  iJ\,  fl",,  are  the  resistances  from  A  to  P  and  ^ 

respectively  (see  Fig.  123). 

[  We  stmll  BupposB  the  ooils  of  tlie  Ki^l'iiometor  exactly  equal 
for  equol  curreritH  in  magnetic  effect  on  the  needle,  and  that 
eaoli  naa  the  same  rosistance  6,  Clenrty,  for  balance  with  eteadj 
currents,  the  resistance  of  each  circuit  must  be  the  Hnme. 
Denoting  therefore  by  R  tlie  reaistcnre  in  eiich  circuit, exclueive 
of  the  battery  rcsiBtance,  r,  niid  the  rcsiBlance  G  of  the  galvano- 
meter coil,  and  putting  E   for  the  electromotive  force  of   the 
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battery,  we  hnve  for  tlie  sleady  current  y  throiigli  either  of  the 
«alvMiometer  ci.ils  y{H  +  U)  +  2yr  =  E,  or 


Let  PQ  be  tl)e  points  at  which  the  terminals  of  the  condenser 
e  attached,  i{',  denote  the  resistance  from  A  to  P,  R",,  thnt 
nm   P   to  the  nearest   galranomoter  terminal,  R'^  R"^  the 


t   gal'  ,       . 

liBtuiceR  from  A  to  Q,  and  from  Q  to  the  galvanometer,  r  the 
iductaoce  of  each  galvanomelercoil,  if  their  mutual  inductance 
~i  the  current  from  ^  to  P,  ^  +  i  that  from  A  to  q,  and  i  the 
urrent  from  Q  charging  the  condenser.  The  equations  iif  ciir- 
tuU  oblnineii  from  the  two  circuits  AEGSA.  JFGPA,  are 
ainoe  Ji,  +  A',  +  R'\  =  /f ,  +  R'^  +  ff',  =  Ji)- 

(Z  +  Dir  +  Mjf  +  (R+G  +  r)x  +  ry-  R\i  =  B 

M»  +  ry  +  ri+  (R  +  11  +  r)y  +  ff,;  =  ft' 

Integrating  these  from   before  make  to  the  steady  state, 
pntliiig  y  for  the  steady  current,  and  siihtratting  we  find 


But  the  final  charge  of  tli 
denote  its  capacity,  so  that 


J.) +  iy -(/(',  +  «',).•. 
indcDser  is   C{Jt\ 


2=C(R\~R-^y. 

ist  equftlion  we  get 

Ct.R\'  -  R\^  - 
'      ''  R+  Q 

CjR't* 


■'  (JJ  +  0)  (fl  +  e  +  Br) 

If  no  deflection  of  the  galvanometer  needle  taki 
luat  be  equal  to  g,  and  for  this  the  nccesBary  und 
mdition  is 

I  =  C(B'.^  -  R\') 

I  ttlrendy  stiilc-d  iihove  in  (fl!l). 


I 


Anderaou' 

Null 

Method. 


With  regard  to  the  soiisibility  of  tlio  nrrangeinent  it  is  I 
obaerved  that  it,  is  given,  being  the  losistance  of  the  eoil  i 
oompared,  and  in  general  O  &Ibo  is  given,  so  that  all  thut  pan 
be  done  to  make  the  arrangement  sensitive  in  to  keep  down  the 
value  of  the  resistance  additional  to  S^. 

If  tlie  reaistance  of  the  battery  is  negligible  and  the  galvano- 
meter bobbins  be  a  matter  of  choice,  the  best  arrangement  is  to 
malic  the  additional  resistance  as  small  as  poBsihIe,  and  make 
G  =  J{. 

If  the  galvanometer  coils  be  each  shunted  by  a  wire  of  resis- 
tance S  the  resistance  of  each  galvanometer  bobbin  will  become 
C.?/((?  +  *)i  which  wo  denote  by  G',  and  Ibis,  if  the  inductance 
of  each  shunt  is  the  same,  takes  the  place  of  0  in  (92).  The 
integral  flow  through  the  coils  is  then  A'j/(0  +  S)  for  one,  and 
^/{O  +  S)  for  the  other.  Hence  the  total  flow  affecting  the 
needle  is  S(jf  - y)HO  +  S),  or  (x  -  f)  G'/G.     But  we  now  have 


'  (K  +  G')  (II  +  G' 

Hence  In  order  that  (r  -  y)  G'jQ  m"y  be  a 

make  (K  -j-  G')  {R  +  G'  -\-  Srl/ff'  a  minimum.    Diffei 

with  respect  to  6"  we  iind  timt  the  condition  for  a  i 


(93) 


G'»  =  fl  (fl  +  2r) 


Thus  if  the  galvanometer  have  a  high  reniBtance  so  that  tha 
deflections  are  small,  an  improvement  can  be  cfiected  by  shunt- 
ing down  each  coil  of  the  instrument  tc  an  effective  reBisttini 
given  by  this  equation. 


1  A  modification  of  Maxwell's  methoi.i  which  has  tl 
advantage  of  being  n  Null  method,  and  therefore 
pennitting  a  telephone  to  he  used  instead  of  a  galvao) 
meter  has  been  given  by  Prof.  A.  Andereon.*  The 
arrangement  of  resistances  is  the  same  as  before,  but 
the  condenser  instead  of  being  placed  between  A  and 
C  is  placed  between  A  and  a  point  E  on  CD  (Fig.  124). 
The  galvanometer  (or  telephone)  is  supposed  Included 


•  Phil.  Mag.  April,  1891 
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■  in  the  part  ED  of  CD,  and  the  resistance,  g  say,  of  CE, 
lis  varieU  until  no  detlection  of  tlie  galvanometer  needle 
Eia  produced  by  making  or  breaking  tbe  battery  circuit. 


tlie  resbtance  of  Ef)  be  denoted  by  G,  the  currents  tTirongn 
llie  gslvunonieler  {from  ff  to  /)>  snd  to  tlie  condenser  byj|,  i,  to 
thttt  the  current  from  E  to  C  is  i  -/  Tbns  from  the  circuiLa 
jICDJ,  CBIU.  by  intesroting  over  tlie  interval  of  varinlion,  sticl 
uaing  the  vnhie  QyKP  +  Ql  for  i,  Ihe  steady  current  in  AC,  and 
CPJ,  tnr  tlie  final  ch«rge  *  of  the  conJenaer,  we  gPt  if  tbe 
imlactuncee  of  the  other  arma  of  the  bridge  are  negligible 


iP+(i>MG+ff)y- 


-t-tr. 


Gliminaling  j 


P[C'.Rq-{s{q-\-S))-lA 


(3C) 


Tlie  vnlue  atg  is  sero  if  the  numerator  vnnish,  tbitt  is  if 

t  =  C{flC  +  ^(G  +  A')l (9") 

If  7  =  0  «o  fidi  back  on  Maxwell's  solution,  vi/, 

L=CUq  =  cr.S. (98) 
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Oonditioa  Tlint  Lliin  is  the  neceasary  conilitJOD  that  the  molhod  may 
lor  Null  a  null  one  may  be  seen  ia  the  following  manner.  Whatever 
MothoiL  the  conductor  between  J  ildiI  B  the  difference  of  potential  betwe 
A  and  B  ia  Pi-\-S(S-^)i  while  that  between  ji  and  D 
Q(i-i-!).  If  there  is  no  difference  of  potenlia!  between  Sft 
^,^=0,and  wo  liave  Pi- gl-'-Qii- i-i).  Inlegruting  fri 
just  before  the  completion  of  the  circuit  to  any  instiuit  duri 
the  interval  of  variation  we  find 


Fx--,,=Q{u-:f-t) 

Also  from  the  branches  BCS,  DB  we  get  in  like  manner 

But  by  (99)  the  last  equation  may  be  written 


J!i  +  (S.+  7i).-^(fi-B.').i(-- 


-'). 


Equation   (99)  multiplied   by  S  and   subtrartEd  from  the 
eiuaiion  multiplied  by  §  gives,  since  rs=  QR, 

and  aince  Pi-=ilC+ffi,  this  ia 

L=C{QR+g(q  +  S)) {101! 

Thatj  conversely,  the  difference  of  potential  between  E  ai 
ia  sero  if  tliis  condition  is  fulfilled  can  be  seen  as  at  p.  460, 1 
the  consideration  that  otberwige  there  would  be  more  than 
solution  of  the  problem  of  flow  of  electricity  in  the  given  net* 
between  A  and  S. 

Returning  to  (96)  putting  for  y  its  value 

ff/{r  +  5(P  +  J?)/(fi+5)! 
we  write  the  equation  in  the  form 

{ff+g+(-S+S+l!+j)S  (r(n+J)  t-SlP+X 


COMPARISON  OF  INDUCTANCE  AND  CAPACITY 

For  sensitiveness  a  given  change  in  g  the  adjustable  resistance 
must  produce  a  maximum  change  in  y  when  y  is  nearly  zero, 
that  is  dyldg  must  be  a  maximum  when  jr=0.  We  may  neglect 
in  all  practical  cases  r,  the  resistance  of  the  battery  so  that  we 
have 
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CF(Q  +  S)E 


But  since 


I^G  +  g  +  (B  +  S+G+g)^ii(P  +  R) 
P(Q  +  S)     P(Q+S)     P 


tliis  equation  may  be  written 


CE 


47y=0       |(^  +  ^)  +  ^+^.+  ^+^ 


.     .     (103) 


Hence  in  order  that  the  denominator  may  be  small  we  must 
take  E  and  g  small  and  P  large,  and  therefore  Q  also  large. 

A  method  of  comparing  a  coeflScient  of  mutual  indue-  Compari 
lion  with  the  capacity  of  a  condenser  has  been  given  by  ii^t^sl 
Prof.   Carey   Foster.*     It   is  based   on   the  following    Induct- 

ance  am 

Capacity 

Carey 

Foster's 

Method. 


Fio.  126. 


considerations.  Let  the  two  coils  C^,  C.^  the  mutual 
inductance  for  which  is  required  be  given  in  position 
as  in  Fig.  125,  and  be  joined,  one,  C7j,  through  a  battery, 
a  coil  of  resistance  Bi,  a  make  and  break  key  K,  and 
the  other,  C^,  as  a  secondary  circuit  through  a  galvano- 

•  Phil.  Mag,  Feb.  1887. 
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meter  G.  Then  if  R^  be  the  resistance  of  the  secondary 
circuit,  ^f  the  mutual  inductance  of  the  two  coils,  the 
whole  quantity  of  electricity  which  flows  through  the 
secondary  when  a  steady  current  of  strength  7  is  pro- 
duced or  annulled  in  the  primary  is  MyjB^. 

Again  if  the  resistance  coil  in  the  circuit  of  C^  have 
its  terminals  connected  to  a  condenser  of  capacity  C, 
(Fig.  126)  and  the  primary  circuit  be  made  or  broken 
the  quantity  of  electricity  which  traverses  the  galvano- 
meter 6  is  CU^y.  Thus  if  the  same  deBection  as  before 
is  obtained  we  have 

M  =  CR^R. (104) 


If  however  deflections  are  obtained  indicating  currents 
7i.  7s>  'ii  '■''6  two  cases,  then 

M^  CR,B,'^ (105) 

Now  let  a  combination  of  these  two  arrangements  be 
made  as  shown  in  Fig.  127,  including  a  resistance  box 
in  the  secondary  circuit  to  enable  the  resistance  R^  of 
that  circuit  between  the  points  J  and  B,  to  be  varied 
at  pleasure.  Then  let  the  resistances  R^  (in  the  primary 
between  the  terminals  of  the  condenser),  and  R^  be 
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varied  until  on  makiDg  or  breaking  the  battery  circuit 
no  deflection  ia  proiluced.  When  this  is  the  case  the 
r  integral  flow  through  the  galvanometer  due  to  the 
I  chargipg  of  the  condenser  (that  is  the  charge  of  the 
t  condenser)  is  exactly  equal  and  opposite  to  that  due  to 
I'ibe  induction  current  in  the  secondary  circuit.  Thus 
Noticing  that  the  iuduotance  in  C^  cannot  affect  the 
Jiutegral  flow  through    it  we  see   that  CE^y  =  MylB^, 


M  =  CR^  H^ 


(lOG) 


can  easily  find  tlie  moat  aensitive  arrangement  for  li.e 
expmtiipnt  In  tlie  first  place  it  ia  tu  he  noticed  iliut.  tijo  rtsiHt- 
nncR  (A*,  say)  other  Ilmn  R^  in  tlie  primaiy  circuit  depenila  on 
tlie  primary  coil  and  tlia  battery  and  is  to  be  taken  as  fi»eJ.  We 
ahall  reg-ard  the  galvanometer  bobliln  (t)  iih  given.  (2)  bb  a  matter 
of  choice  from  aimilar  bobbins  of  diSereut  resi^tunces. 

Lift  lis  enppoee  thnl  the  potential  at  A  ix  not  ei|ual  to  thnt 
M  £  Then  putting  i.  i  for  the  eurreots  in  tlie  primnty  und 
secondary,  /  for  the  current  through  the  gnlvanometer,  r  for 
the  inductnnce  and  G  for  the  resixtimoe  of  (lii!  galv!inoineti>r 
bobbin,  wo  get  from  the  circuit  JC^EA  (Fig.  127)  tlie  eiiuuiion 
Lr+Mi+  Rtf  +  r^  +  Gf  =  0.    Tl.is gives  tJio  integr.il equaliim 

fi^+ffy  =  -Vy. 


Integral     Furthe 

Flow 
through 
Oalvsno- 
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r  we  have  for  the  total  charge  of  the  coodenser 

ng  for  jr  from  these  we  find 

fCgiR,-30y 

e  y=EI(Ri  4-  A'l)  where  £  ie  the  electromotive  force  of 


a  condition  as  before  th&t  y  may  be  : 


(107) 


In  order  thnt  ji  may  be  a  maximum  the  valae  of  tbe  denomi- 
nator muBt  he  a  iniDiroum.  Celliug  it  D,  and  noting  that 
Jt.,Rf  only  vary,  and  are  connected  by  the  relation  iI,R,=eJf/C^ 
where  «  is  a  small  quantity  we  find 
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tter  case  as  the  conditions  for  maxim 


*,=£,= 


(110) 


"Noll. 


If  it  can  be  arrangeil  to  mnintuin  tlio  two  poiiilB  J,  E  aiwnys  Couditii 
Fit  the  same  potential,  wo  may  iiae  n  telephone  iuatead  uf  a  that 
galvanometer  as  oliBerving  instiument.  To  find  the  necessary  Ueiboi 
condition  consider  the  BecondiiT  circuit  AC^A.  Since  tiiero  is  .™y,!" 
no  current  between  A  and  E  we  hove 

But  if  i  lie  the  current  pawing  tlie  condenser  : 
I  we  muKt  have  [Fig.  127) 

li +  i  =  i, 

-i  is  (he  current   nblch  cliarges  ihe  condenser. 


I  BO  (lint  ihe  former  equation  becomes 

(V-L)ir  +  ii  +  i?^=0, 


Tlie  chsrge  of  the  condenser  is  then  6*/^,:,  so  tliat 
Cti,-=~j'iJl  =  ^  i(M-L)i  +  Li]. 

Int  in  any  case  in   wbicli  tliere  lias  been  no  i 
lugh  the  galvouonieler  during  the  rising  of  \he  i 
)  to  its  steady  value  we  have  seen  tliat  CP^R^= 
«  eqaation  just  found  becomes 


(.tf-Z)(«-i)=0, 


B  that  either  3f-Z,  or  ■  =  i.     The  laller  is  only  true 

when  the  current  »  in  the  battery  has  attained  its  steady  value  y. 

It  however  M=L  it  will  be  possible  to  make  the  diflnrpnce  o' 

potential    between  A  uod    E   always  zero  and  to  employ  i 

— I^ephone. 


MEASUREMENT  OF  INDUCTANCES 

The  following  resalta  obtained  in  Prof.  Carey  Foiter'n  labon- 
'  tory  by  Mr.  F.  Womack  illustrate  the  method.  A  smaU 
induction  coil  woa  used  witli  fixed  primary  and  coaxial  sacoudary 
capable  of  bein^  moved  in  the  airectioD  of  the  ftxie  bo  as  to 
alter  tlie  mutunl  inductance  of  the  coils.  The  diraensiona  etc, 
uf  the  coils  were  :^Pnmary,  length  ITS  cms.,  mean  radius 
2  cms.,  wire  1-66  ohms  of  Ho.  20  B.W.G.  S»^ondeaTi,  length 
lO-l  cms,,  inside  radius  2-55  cms.,  outside  ladius  3'63  cms.,  wire 
194  oiiroa  of  No.  30  B.W.G.  Two  Qtove'a  L-ells  were  used  and 
a  condenser  of  4  926  inicrofiirads  capacity,  with  a  galvanometer 
of  about  13S  olims  resistance. 


Exi«.i. 

meutnl 

fl, 

Kesulta. 

^1 

Jiea.  of  Secumlary 
+  Ret.  from  Box. 

ff,  ft,  =  M/C. 

IS  uhroEi. 

411  ohms. 

6165  X  10" 

1-1      <■ 

441        „ 

C17* 

la     „ 

(5188 

■ 
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1                   1 

8944  ohms. 

R,R^ 

1 

27  ohms.     1 

2-415  X  lOo  C.G.S.       ' 

28     „         ' 

8640     „ 

1        2-419 

29   „      ; 

8334     „ 

2-417 

30     „ 

8044     „ 

2-413 

31      „ 

7784     „ 

1        2-413 

32     „ 

7544     „ 

I         2-414 

Mean  2415  X  10« C.G.S. 

Thus 

M  =  4-926  X  10-15  X  2-416  x  10«  =  11896  x  10^, 

in  C.G.S.  units. 


UNITS  AKD  DIMENSION!^ 

In  Volume  I.,  Chapter  III.,  &  sliort  aci^oimt  ia  given  o? 
thi!  Theory  of  Dimensions,  with  a  discussion  of  Fiinda- 
inontal  and  Derived  Units  as  far  as  ordinary  dynamical 
and  electrostatic  quantities  are  concerned.  In  the 
preaeot  chapter  the  subject  of  electric  units  is  dealt 
with  from  a  somewhat  different  point  of  view,  and  we 
therefore  begin  with  electrostatic  units,  repeating,  with 
modifications,  a  few  paragraphs  from  the  former  chapter, 
in  order  that  the  discussion  of  electric  and  ma^etic 
units  here  given  may  from  that  point  of  view  be 
complete.  For  distinction  here  we  shall,  as  a  rule,  use 
in  the  case  of  those  quantities  which  appear  in  both 
the  electrostatic  and  electromagnetic  systems  of  units 
small  letters  for  quantities  taken  in  electrostatic  measure, 
and  the  corresponding  capitals  of  these  letters  for  the 
same  quantities  taken  in  electromagnetic  measure. 

DERIVED  ELECTEICAL  CNITS. 

I.— ELKCTKOSTiTlU    STBTKM. 

BjiiiUty       Quantity   of   Electricity   [g].      In   the   electrostatl 
triciw'    ^y^**^"'  °f  units  which  ia  convenient  when  electrosta 
^~"         results,  independently  of  their  bearing  on  electroin 


netic  phenomena,  are  requireii,  the  units  of  all  ihe  other 
quantities  are  founded  on  the  following  defioiUim  of 
unit  quantity  of  electricity.  Unit  quantity  of  tiettrintif 
u  that  qvaniity  ivkieh,  etmcentrated  at  a  point  at  laat 
ilistanet  from  an  equal  and  simiiar  quajUUt/,  aUo  tonetn- 
tratal  at  a  point,  w  reprlUd  tciih  itttit  /crrt  vAfn  /A« 
7if-rHtivi  across  lehick  the  eledric  action  it  tranmilttd  ia 
n  eertiiin  standard  insulating  medium.  An  ideal  ramom 
is  sometimes  taken  as  slandanl,  but  ve  shall  suppose 
at  present  that  the  medium  is  air  at  temp.  0°  C.  and  at 
standard  atmoepheric  preaeure.  We  shall  call  this 
simply  aiT. 

This  defiuitioD  ia  precisely  aimilar  to  the  defioitton 
(p.  516  above)  of  unit  magnetic  pole  which  fonns  the 
basis  of  another  system  of  units  called  the  tlettroma^ 
netie  system,  of  much  wider  and  more  importaat  appli- 
cation than  the  clectrostatia  Hence  by  Coulomb's  law 
that  (the  Dumerit-al  valnes  of)  electric  attractiotis  and 
repulsioos  are  directly  as  the  products  of  the  (nnmeries 
for  the)  attracting  and  repelling  qaantiliee,  and  invendy 
as  the  second  power  of  the  (nnmeric  for  the)  distance 
between  them,  if  a  quantity  of  positive  electricity  ex- 
pressed by  ;  be  placed  at  a  point  distant  L  units  from 
an  equal  quantity  of  electricity,  then  the  medium  being 
air,   the   numeric   F  for  the   force  between  ihem   is 

If  the  medium  across  which  the  electnc  action  is 
transmitted  be  some  other  medium  than  air,  the  force 
between  the  charges  is  numerically  y*,'A'Z*  where  K  is 
the  numerical  measure  of  a  quantity  called  the  tieetrU 
inductive  capaeiiy,  or  usually  the  speeifie  mdiuine  tapa- 


Specifiu 
Capacity! 
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rity  of  the  medium.     This  qiiaBtity  is  precisely  anali 
gous  to  the  conductivity  of  a  substance  for  beat 
to  magnetic  permeability  (see  p.  517  below).     In  tl 
onlinary  electrostatic  system  of  units  it  is  defined 
at  p.  514)  so  as  to  have  a  dimensional  formula  1, 
is,  to  be  a  mere  numeric. 

But  we  might  proceed  otherwise  and  regard  K  aS 
quantity  of  undetermined  dimensions  as  regards 
fundamental  units,  but  such  that  iflKL^  has  the  dimi 
sions   of    a  force.     We  may  then,  in  the  absence  of 
special  reasons  for  preferring  one  dimensional  formula 
for  K  to  another,  assign  its  diiTiensions  according  to  any 
convenient  hypothesis.     One  such   hypothesis   is  thab^ 
which   forms  the   basis  of    the   ordinary  electro statk 
system,  namely,  that  A'  is,  as  regards  tho  fundamental 
units,  of  zero  dimensions,  that  is,  has   a  dimensioDS 
formula    [1].      But   in   the    ordinary   electromogneUi 
system  of  units,  which  has  quite  a  diffmeut  derivatioi 
from  the  electrostatic,  tlie  dimensional  formula  of  K 
[i"*]"*],  and  the  numerical  value  of  K  depends  on  tl 
choice  made  of  fundamental  unita, 

We  shall   in  what  follows  suppose  the  dimensions  o 
A'undelermined,  and  therefore  allow  the  symbol  K 
pressing  it  to  appear  in  the  dimeDsional  formulas  uf  thi 
other  quantities.     We  shall  thus  obtain  a  more 
electrostatic  system  in  which  the  absolute  d; 
of  the  quantities  are  not  settled.  From  this  the  ordina 
electrostatic  system  is  obtained  by  simply  deleting  Kl 
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3.,  in  a  paper  nn  die  "Sllppre 
\,"  Pha,Mag.,  Fab.  1880. 


The  dimensional  furmiila  of  quantity  of  electricity  is 

jcordingly  [F^LKi]  or  [Jftzi  y-i  A-J], 

Electric  &ir/aic   Density  [<r].      The  density   of   an 

jctric  charge  on  a  surface  Is  measured  by  the  quantity 

F  electricity  per  unit  of  area.     Therefore  [a]  is  [?-£~^ 

rlifU-ir-iA'*]. 

SUcirie  Force  and  hiieiisity  of  Electric  Field  [/]. 

*'The  electric  force  at  any  point  in  an  electric  field,  or 

the  intensity  of  the  field  at  that  point,  is  the  force  with 

which  a  unit  of  positive  electricity  would  be  acted  on  if 

placed  at  the  point.     Hence  if   the   numeric   for  the 

I  quantity  of  electricity  at  a  point  P  he  q,  and  that  of  the 

^electric  force  at  that  point  be  /,  the  numeric  F  for  the 

rce  on  the  electricity  is  qf,  and  we  have  the  equation 

=  Fq-K   Therefore  [/]  is  [Fq-'']  or  [M^  i,-'  T"'  AT"*]. 

Ekelrie   Pofmtial   [o].      The   difference   of    electric 

Mtentiat  between  two  points  is  measured  by  the  work 

inhich  would  be  dune  if  a  unit  of  positive  electricity 

fivere  placed  at  the  point  of  higher  potential  and  made 

to  pnss  by  electric  force  to  the  point  of  lower  potential. 

Hence,  in  transferring  q  units  of  electricity  through  a 

difTereace  of  potential  expressed  numerically  by  v,  an 

Iiunount  of  work  is  done  for  which  the  numeric  W  is 
•qu&l  to  jr.  We  have  therefore  t  =  'J'?"',  and  hence 
tv]  is  [rry-i]  or  [Jtft/J  T-^K-i]. 
'  Capacity  of  a  Conductor  [e\  The  capacity  of  an 
fssulated  conductor  is  the  quantity  of  electricity  re- 
qaired  to  charge  the  conductor  to  unit  potential,  all 
other  conductors  in  the  field  being  supposed  at  zero 
potential.  Hence,  denoting  the  numeric  fur  the  capacity 
fit  a  given  conductor  by  c,  those   for   its  cliarge   and 
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UNITS  AND  DIMEN810SS 

potential  by  q  and  v,  we  have  c  —  jv'^,  and  for   [c] 
therefore  [j""']  ia  [^i'].     The  unit   of  capacity  hi 
therefore  the  same  dimensions  as  the  anil  of  length 
provided  [£}  =  1 ;  and  the  capacity  of  a  conductor 
then  properly  expressed  as  so  many  centimetres. 

The  electrostatic  capacity  of  a  conductiog  sphere 
in  ordinary  electrostatic  units  numerically  equal  to 
ra<lius  of  the  sphere.     A  conducting  sphere  of  1 
radius  has  therefore  1  C.G.S.  unit  of  capacity. 

^icyic  Lulmtive  Capacity  [A'].  The  specific  indac' 
,  tive  capacity  of  a  dielectric  has  already  been  virtually 
deflned  above,  but  it  is  usual  to  de&ue  it  as  the  ratio 
of  the  capacity  of  a  condenser,  the  space  between  ths 
plates  of  which  i3  filled  with  the  dielectric,  to  the  capai4 
city  of  a  precisely  similar  condenser  with  air  as  dM 
electric ;  or,  according  to  Maxwell's  "  Theory  of  Electrjn 
Displacement,  it  is  defined  as  the  ratio  of  the  electrid 
displacement  produced  in  the  dielectric  to  the  electriiT 
displacement  produced  in  air  by  the  same  electric  force. 
Thus  in  the  ordinary  electrostatic  system  of  units  its 
dimensions  are  taken  as  zero,  that  is,  it  is  simply  a 
numerical  coefficient  which  does  not  change  with  tha 
units.      Hence    in   the  ordinary   electrostatic   systAH 

m-i. 

This  definition  is  quite  consistent  with  the  former 
as  by  assigning  to  each  medium  according  to  the  formal 
definition  its  own  value  of  K,  the  capacities  of  coa- 
densers  in  which  they  are  used  as  dielectrics  have  tit 
ratios  to  one  another  given  by  the  second.     Thus  if  i 

•  El.  aTidMiKj..  Vol.  I.,  2iid  pdition,  p.  161. 
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be  taken  as  the  expression  of  a  physical  property  of  tbe 
medium,  which  when  fully  knowu  would  in  a  nat-jral 
manner  fix  tbe  diraeoaions  of  A',  it  will  be  ooly  neces- 
sary to  multiply  all  tbe  values  of  K  obtained  on  an 
arbitrary  supposition  (such  as,  for  example,  tiiat  the 
value  for  air  is  unity)  by  the  same  factor  depending  on 
the  units  adopted.  This,  in  ffict,  is  what  is  done  when 
K  is  taken  in  ordinary  electromagnetic  units. 

EUdric  Current  [y].  An  electric  current  io  a  ooo- 
ducting  wire  ia  measured  by  ihe  quantity  which  passes 
across  a  given  cross-section  per  unit  of  time.  If  j  be 
the  numeric  for  the  quantity  which  has  passed  in  a  time 
for  which  the  numeric  is  T,  then  denoting  tbe  numeric 
for  the  current  by  7,  we  have  7  =  qlT,  and  [7]  is  [??"*'] 
w  [M^  Li  T-'' IO]. 

Resistance  [r\.  By  Ohm's  law  tbe  resistance  of  a 
conductor  is  expressed  by  the  ratio  of  the  numeric  v 
for  tbe  difference  of  potential  between  ita  extremities 
to  tbe  numeric  7  for  the  current  tlowing  through  it. 
We  have  therefore  r  =  v/j,  and  [r]  ia  [ry-'J  or 
[£-■  TK-']. 

Conductance  (formerly  Condudivity).  The  dimensional  Cuaiw 
formula  of  conductance  is  plainly  [LT''^ IC\.  Hence  in  "**' 
the  ordinary  electrostatic  system  its  dimensional  formula 
is  [iT"'],  which  is  that  of  velocity.  Hence  a  conduct- 
ance in  ordinary  electrostatic  C.GJS.  units  is  properly 
expressed  in  centimetres  per  second.  A  physical  illus- 
tration of  this  lact,  due  to  Sir  William  Thomson,  is 


h  given 
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II.— ELccTBoMAoSKnc  System. 


Eleciro  Mn^ulk  Pole  or  Quantity  of  Maynetism  [m] ;  Sa-r/ai 
System  Density  of  Magnetism  [<r']  ;  Magnftic  Force  or  MagnttU 
A  Uniis.   _p^^  InlensUy  [f] ;  Manwiic  Potential  [  V]. 

The  electro magoetic  system  of  units  is  based  on  tlu 
unit  magnetic  pole  as  defitied  above  (p.  2).  Tbi| 
definition  is  exactly  the  same  as  that  of  unit  quantity 
of  electricity  on  which  the  electrostatic  system  ia 
founded ;  and  therefore  the  purely  magnetic  quantitie* 
here  mentioned,  which  bear  the  same  relations  to  thej 
unit  quantity  of  magnetism  that  the  correspondiog 
electric  quantities  bear  to  the  chosen  unit  quantity  of 
electricity,  have,  widi  the  substitution  of  the  magnetia 
analogue  to  K,  in  tl»e  electromagnetic  system  the  same 
dimensional  formulas  aa  those  just  found  for  the  latter 
quantities  in  the  electrostatic  system. 

Observations  precisely  similar  to  those  made  abore- 
regarding  specific  inductive  capacity  apply  here  regard- 
ing its  analogue,  magnetic  inductive  capacity,  or.  as  it 
ia  frequently  called,  magnetic  permeability.  The  force' 
between  two  poles,  each  of  strength  m  at  distance  L, 
a  medium  of  magnetic  indiictivo  capacity  ft,  is  numei 
ally  ■m}lnL\  and  hence  [v/i]  =  [.I/*  3  r-i^*}  In  the 
ordinary  electromagnetic  system  fi  is  defined  (see  p.  517 
below)  so  aa  to  be  a  mere  numeric.  We  shall  not  here 
make  this  assumption,  but  allow  (i.  to  appear  in  th* 
formulas,  and  its  dimensions  may  be  afterwards 
assigned. 

By  simple  deletion  of  fi  from  the  dimensional  for- 
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nmlaa  tliey  become  tbose  for  tbe  ordinary  electromag- 

tetic  system  in  which  [fi]  =  1. 
Magnttic  Moment  [W].    The  numeric  Af,  for  the  raag- 
betic  moment  of  a  uniformly  magnetiiieLl  bar-magnet,  is 
the  product  of  the  numerics  for  the  strength  of  either 
pole  and  the  length  of  the  magnet.     Hence  we  have 

[Af]  =  [M^D  r-'  m']  .  [L]  =  ['V*i.'  y-'  m']- 

Intaisity  of  Magnetization  [v].  The  intenfiity  of  mag-  luten^t 
netizatioD  of  any  portion  of  a  magnet  is  measured  by  a, 
the  magnetic  moment  of  that  portion  per  unit  of  voUime. 
Hence,  if  c  denote  the  numeric  for  the  intensity  of 
magnetization  of  a  uniformly  magnetized  magnet,  the 
numerics  for  the  magnetic  moment  and  volume  of  which 
me  M  and  AL^,  we  have 


ofM.R- 


M 


-  -~.  and  [p]  =  [Mi  L-i  T'  ^'l- 


I[e 
It  is  plain  that  the  intensity  of  magnetization  of  a 
Difiirmly  and  longitadiually  magnetized  bar  is  equal 
to  the  surface  density  of  the  magnetic  distribution  over 
the  euds  of  the  bar,  and  therefore  intensity  of  magneti- 
zation has  the  same  dimensional  formula  as  magnetic 
surface  density, 

Magnttic  Peniuahility   \^,     Tbe   magnetic  perme-  Mannciit 
^^jbility  of  an  inductively  magnetized  substance,  or  its    abSwl* 
^Kp^netic   inductive   capacity,  is,  as  has  already  been 
^Ktated,  the  analogue  in  magnetism  of  specific  inductive 
^•^pacity  of  a  dielectric  in  electricity,  and  of  the  con- 
ductivity of  a  body  for  heat  in  beat  conduction.     The 
part  which  it  plays  in  magnetic  theory  is  discussed  in 
r  Cliapter   T.  above.      In   the   ordinary  electromagnetic 
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^ngnetic  system  of  unit3  it  is  iiaually  defined  aa  the  ratio  of 
.iiilityttod  tl"^  magnetic  force  whicli  would  be  exerted  on  a  unit 
^JJ?JP"  pole  placed  in  a  narrow  crevasse,  cut  in  the  aubatanca 
so  that  its  walls  are  at  right  angles  to  the  direction  of 
magnetization,  to  the  fi)rce  which  it  would  experience 
if  placed  in  a  naiTOw  crevasse,  the  walls  of  which  ara 
parallel  to  the  direction  of  magnetization.  Tliia  mode 
of  defiaiDg  magnetic  pcrmeabiUly  clearly  makes  it  in 
the  ordinary  magnetic  system  a  mere  numeric,  that  i 
its  dimensional  formula  [fi]  =  1. 

Tlie  more  general  view  of  the  meaning  of  magnetid' 
permeability  given  on  p.  516  is  not  inconsistent  with' 
this  more  special  definition,  as  the  latter  simply  amounts 
to  assuming  the  permeability  of  air  to  be  unity.  If,  as 
may  be  the  case,  permesibility  is  more  properly  measured 
by  some  property  of  the  medium,  which  will  assign  to 
the  quantity  definite  dimensions,  the  permeabilities  of 
diflTerent  substances  in  the  ordinary  electro-magnetic 
system  will  simply  have  to  be  multiplied  by  a  common 
factor,  depending  on  the  fundamental  units  adopted. 

Magnetif-  Suscrplthiliti/.  This  (jnantity  is  usually 
denoted  by  k,  and  in  the  ordinary  electromagnetic  system 
is  connected  with  /*  by  the  relation  /i  =  1  ^  iwlc.  Its 
dimensional  formula  is  therefore  also  I  in  the  ordinary 
electromagnetic  system,  that  is,  magnetic  susceptibility 
is  in  that  system  a  mere  numeric. 

Current  Strength  [P].  By  the  theory  of  electromag- 
netic action  stated  above  in  p.  143,  and  the  definitioi 
of  unit  current  (3),  p.  144,  we  have,  for  any  actual  case 
of  a  mignetic  pole  placed  at  the  centre  of  a  circle  c 
wire  carrying  a  current,  the  equation  T  =  FLji-rrm, 


tJSITS  AND  DTMBNSI0S3 

where  F,  L,  m,  and  P  are  Uie  numerics  respectively  for    EMmeai 

?  force  actiog  on  the  pole,  the  radius  of  the  circle,  Qeetifa 

ihe  strength  of  the  pole,  and  the  strtngth  of  the  current.  Q"*"" 

Hence  [F]  =  [FZm->]  =  [M*  lA  T'  /*-»]. 

Quaniily  of  Electricity  [Q\.  The  numeric  Q  for  the 
Kjuantity  of  electricity  conveyed  in  T  seconds  by  a 
"Cuirent  the  numeric  for  the  strength  of  which  is  V,  is 
'  equal  to  TT.     Hence  [Q\  =  \TT]  =  [J/1  H  /*-»].• 

Electric  Potential,  cr  Efectromotive  Force  [C],  As 
above  (p.  513),  but  using  in  this  case  the  symbol  V  for 
a  numerical  difference  of  potential,  we  get  W  =  VQ. 
Thus  we  have  [V]  =  [,V*Z1  T^'  ,**]. 

Electrostatic  Capacity  [C],  Using  for  a  numerical 
^capacity  in  electromagnetic  units  the  symbol  C,  we  find, 
fey  the  same  process  as  in  p.  513,  the  equation  C=QIV, 

Itcsisiance  [i?].  Using  here  S  to  denote  a  numerical 
resistance,  we  get  as  formerly  Ji  =  V/O,  and  therefore  ] 

Tlius  if  [fi]  =  1,  the  dimensional  formula  for  resist- 
ance is  the  same  as  that  for  velocity,  and  therefore  a 
resistance  in  ordinary  electromagnetic  units  is  properly 
expressed  as  a  velocity  is,  in  unita  of  length  per  unit  of 
tame,  and  accordingly,  in  C.G.S.  units,  as  so  manycenti- 
tnetres  per  second.     This  fact  is  directly  shown  by  the 

*  We  niinht  paa  in  Ch«  elei:trastfltie  ayitem  from  tbe  dimeiiEinnal 
rnnniila  cf  niiit  cnmnt  to  that  of  unit  i]iiBntit;  of  uiAguetimi,  pre- 
ei*-l;  *a  we  pu«  tiers  in  the  electromagtiGtii!  syatera  fraoi  the  diinen- 
ionftt  fonniila  of  nnit  ijnantity  of  nxgnclism  to  tbnt  of  anit  cuireut, 
Bd  ve  ■houlil  Bud  for  ths  dimcDBional  ToTinDls  Boaght  that  here  ob- 
i^ned  lii^l*  £~'].  as  ixight  he  inferred  «t  once.  From  this  the 
"  lulaa  in  thr  electrostatic  ayatcm  for  all  the  other  magnetic  qllnuti- 
niighi  he  fonuii. 
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folluwing  illuatratiou,  Jue  to  Sir  William  TLomsoD 
Let  t)ie  mils  of  the  ideal  machine,  lieaciibed  iu  p.  19% 
be  suppose<l  to  run  Lorizontally  at  right  ciDgles  to  thi 
magnetic  meridian,  and  let  their  plane  be  vertical.  L^ 
a  tangent  galvanometer  be  included  in  the  wire  conned 
ing  the  raiU,  The  slider  when  movt'd  along  the  raiS 
will  cut  the  lines  of  the  earth's  horizontal  force,  ihi 
intensity  of  which  in  electromagnetic  measure  we  have 
denoted  by  H.  If  the  slider  have  a  length  L,  and  be 
moved  with  a  velocity  v,  the  elect rtmotive  force  da 
veJoped  will  be  SLv.  If  /i  be  the  total  resistance  i 
circuit,  7  the  current  flowing,  r  (he  mean  radius  of  t 
galvanometer  coil,  and  L'  the  length  uf  wire  in  tb 
coil,  we  have  y  =  Hr^jL'  tan  9.  But  by  Ohm's  law 
7  =  HLvjli.     Hence  HLvjR  =  H-rjL'  tan  6.  or 

r'  tan  8 

Now  wc  may  suppose  the  rai^liiis  r  of  the  coil  so  takf 
that  J-*  =  LL',  and  that  the  sUder  is  moved  at  such 
speed,  I',  that  the  deflection  of  the  needle  is  4o°.  Undi 
these  conditions  we  get  M  =  v.  The  resistance  E  of  th 
circuit  is  therefore  measured  in  electromagnetic  units  by 
the  velocity  wiih  which  the  slider  must  be  moved, ) 
that  the  deflection  of  the  needle  of  the  tangent  galvai 
ometer  may  be  45°. 

Coefficient  of  Self-Imluclioii.  (or  Self-fnductance).  D( 
noting  by  L  (instead  of  i  to  avoid  confusion  with  tl 
Z  of  the  unit  of  length)  the  inductance  of  a  circui 
the  current  in  which  is  T,  we  have  \_dVjdi  for  tl 
electromotive   force  of  self-imluction.     Hence   l_rfr/( 
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the  same    dimensional    formula   as  electromotive 
,  that  ia  [Lry-'J  =  [if*  i!  T'-  n'i],  and  therefore 
[LI  =  [£/*]■ 

MvUtal  Imhictance.  If  ^  be  mutual  inductance  be- 
tween two  circuits,  F  the  current  in  one  of  them,  then 
the  electromotive  force  in  the  other  circuit  due  to 
mutual  induction  is  MdTldt,  Hence  by  the  same  pro- 
cess as  before  «  e  get  [jV]  =  [Lf.\ 

A  self-  or  mutual  inductance  is  therefore  in  ordinary 
electromngnetic  measure  in  dimensions  simply  a  length, 
and  iu  CO.S.  units  is  properly  expressed  aa  so  many 
centimetres. 

But  if  resistance  is  taken  in  terms  of  the  true  ohm, 
"Which  is  10"  cms.  (or  nearly  one  earth -quad  rant)  per 
second,  the  corresponding  unit  of  induction  is  10"  cms. 
If  the  legal  or  any  other  ohm  is  used,  the  unit  of  in- 
duction is  that  length  nhich  replaces  10"  cms.  in  the 
definition  of  the  ohm. 

For  the  unit  of  inductance  defined  by  any  ohm.  Profs. 
Ayrton  and  Perry  have  proposed  the  name  secohm.  The 
Paris  Congress  has  however  ailopted  the  name  qitadrunt. 
Plainly  this  can  only  in  strictness  be  applied  in  connec- 
tion with  the  true  ohm. 

We  have  now  investigated  the  dimensional  formulas 
of  the  absolute  units  of  all  the  principal  electric  and 
magnetic  quantities  in  the  electrostatic  system,  or  in 
the  electromagnetic  system,  according  as  each  quantity 
is  generally  measured  in  practice.  Each  may,  however, 
be  expressed  either  in  electrostatic  or  in  electromfignotie 
units,  and  we  give  the  following  table  of  dimensional 
formulas  for  all  the  quantities  in  both  systems. 
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In  Tables  II.  and  III.  K  and  /*  have  been  iiilro- 
'ln(^  into  the  formulas  as  stated  above,  pp.  512,  31C. 
ordinary  electrostatic  and  electromagnetic  systems 
are  obtained  by  supposing  K  and  /i  each  unity. 

One  advaotiige  of  thus  exhibiting  the  dimensions  is 
lat  it  enables  electrostatic  and  electromagnetic  quan- 
tiea  to  be  regarded  as  of  the  same  absolnte  dimen- 
.lons,  since  A' and  fj.,  not  being  fixed  as  to  dimensions, 
can,  unless  restricted  by  definition,  have  dimensions 
assigned  to  them  which  fulfil  this  condition.  For 
example,  as  suggested  by  Professor  G.  F.  Fitzgerald,* 
each  may  be  taken  as  having  the  dimensions  [TL-^]. 
Another  advantage  is  that  problems,  in  which  passage 
from  one  set  of  units  to  the  other  is  involved,  are  solved 
with  greater  ease  from  first  principles  (see  Professor 
Riicker's  paper,  loc.  cit.). 


Table  of 
Dimen- 
sional For- 


FONDAMENTAL   UNITS. 


Qna&tity, 
Length 


[M] 
[T] 


DERIVED  UNITS. 
/.  Dynamical  Units. 

Velocity  [/,  T-'] 

Acceleration  [L  T'^] 

Force  [J/i  I"-"] 
Work     1 
Energy  } 


[MJ.<  T-'] 
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DNITS  AND  DIMENSIONS 

f  As  an  example  of  the  use  of  dimensional  formulas 
I  we  may  find  the  multiplier  for  the  reduction  of  numerics 
■'^-  for  magnetic  field  intensities  given  in  terms  of  British 
foot-grain- second  units  to  tbe  corresponding  nnmerica 
in  terms  of  C.G.S.  electromagnetic  units.  Let  H  be  the 
numerical  intensity  in  terms  of  British  units,  H'  the 
numerical  intensity  in  C.G.S.  units.  We  have,  by 
equation  (+). 

Siace  1  gramme  =■  15'43S35  grains,  and  1  centimetre 
=  1/30-47945  foot,  we  have 

[MiL  »  r  1]  =  (15.43235  X  30-479-*5j   "  21^88' 

The  earth's  horizontal  force  is  given  as  3'92  in  British 
units  at  Greenwich  for  1883.     We  get  therefore 

H'  =  3'92  gj;^  =  -18075,  in  C.G.S.  units. 

Units  adopted  in  Practice. 

;»>  In  practicrkl  work  the  resistances  and  electromotive 
forces  occurring  to  be  measured  are  usually  so  great 
that  if  the  absolute  electromagnetic  C.G.S.  units  were 
used,  the  resulting  numerics  would  be  inconveniently 
large ;  while,  on  the  other  hand,  capacities  are  generally 
so  small  that  their  numerics  in  C.G  S.  units  would  be 
only  very  small  fractions.  Accordingly  certain  multiples 
of  the  C.G.S.  units  of  resistance  and  electromotive  force, 
and  a  submultiple  of  that  of  capacity  have  been  chosen 
for  use  in  practice.     The  derivation  of  the  first  two,  tbe 
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ohm  and  the  volt,  together  with  the  practical  units  of 
carrent  and  quantity,  the  ampere  and  the  coulomb,  may 
be  illustrated  as  follows: — ' 

Let  the  rails  of  the  ideal  magneto- el  metric  machine,  Dcrivfttio 
describei.1  at  p,  192  above,  be  imagined  placed  in  a  Practica! 
uniforio  magnetic  field  of  unit  intensity.  Also  let  the  Uniw. 
rails  be  connected  by  means  of  a  wire  so  that  a  complete 
ciiudueting  circuit  is  formed.  Suppose  the  rails,  slider, 
anil  wire  to  be  all  made  of  the  same  material,  and  the 
length  and  cross-sectional  area  of  the  wire  to  be  such 
that  its  resistance  is  very  great  in  comparison  with  that 
t>f  the  rest  of  the  circuit,  so  that,  when  the  slider  is 
moved  with  any  given  velocity,  the  resistance  in  the 
circait  remains  practically  constant.  When  the  slider 
is  moved  along  the  I'ails  it  cuts  across  the  lines  of  force, 
and  so  long  as  it  moves  with  uniform  velocity  a  constant 
diflference  of  potential  will  be  maint^ned  between  its 
two  ends  by  induction,  and  a  uniform  current  will  flow 
in  the  wire  from  the  rail  which  is  at  the  higher  potential 
to  that  which  is  at  the  lower.  If  the  direction  of  the 
lines  of  force  be  the  same  as  the  direction  of  the  vertical 
component  of  the  earth's  magnetic  force  in  the  northern 
hemisphere,  so  that  a  north-tending  pole  placed  in  the 
field  would  he  moved  downwards,  and  if  the  rails  run 
south  and  north,  the  current,  when  the  slider  is  moved 
northwards,  will  flow  from  the  east  rail  to  the  west 
through  the  slider,  and  from  the  west  rail  to  the  east 

*  SfwcificotioMof  Ihe  TractLcal  Dnita  for  dm  in  Electrical  InduBtriea, 
kc,  hnvc  been  ndojited  njthin  the  lut  year  by  a  CotnmittM  appointed 
bj  the  Board  ol  Tndc.  The  recnmmentlBiioas  of  the  Committee  will 
be  fonad  iu  im  Appendix  at  the  and  of  this  volnnie. 
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tlirougli  the  wire.  If  the  velocity  of  the  slider 
increased,  the  difference  of  potenti&l  between  the  rai 
or,  as  it  is  otherwise  called,  the  electromotive  foi 
producing  the  current,  will  be  increased  in  the  sai 
ratio;  and  therefore  by  Ohm's  law  so  also  will  t 
current 
C.O.S.  Fur  a  slider  arranged  as  we  have  imagined,  and  ma 
D^arcQce  *°  ""^^^  across  the  lines  of  force  of  a  magnetic  field,  t 
difference  of  potential  produced  varies  directly  as  t 
field  intensity,  as  the  length  of  the  slider,  and  as  t 
velocity  with  which  the  slider  cuts  across  the  lines 
force.  The  difference  of  potential  produced  theref< 
varies  as  the  product  of  these  three  quantities;  a 
when  each  of  these  is  unity,  the  difference  of  potent 
is    taken   as   unity   also.      We    may   write   therefc 
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IP  very  great  resistAQce  in  comparisou  with  that  of  the 
test  of  the  circuit,  and  liave  supposed  the  length  of  tliis 
wire  to  have  remaiued  constjiiit.  But  from  what  we 
have  seen  above,  the  efft^ct  of  inereaaing  the  length  of 
the  wire,  the  speed  of  the  slider  remaining  tbo  same, 
would  be  to  diminish  the  current  in  tlie  ratio  in  which 
the  re&istanco  is  increased,  and  a  correspondingly  greater 
speed  of  the  slider  would  be  necessary  to  maintain  the 
current  at  the  same  strength.  We  may  therefore  tnlce 
the  speed  of  the  slider  as  measuring  the  resistance  of 

^ihe  wire.  Now  suppose  that  when  the  slider  1  cm.  long 
ma  moving  at  the  rate  of  1  cm.  per  second,  the  current 
In  the  wire  was  1  G.G.S.  unit ;  the  resiotauce  of  the  wire 
was  then  1  G.G.S.  unit  of  resistauce.  Unit  resistance 
therefore  corresponds  to  a  velocity  of  1  cm.  per  second. 
This  resistance,  however,  is  too  small  to  be  practicallj 
useful,  and  n  resistance  1,000,000,000  times  as  great, 
that  is,  the  resistance  of  a  wire,  to  maintain  1  CG.S. 
unit  of  cuiTcnt  in  which  it  would  be  necessary  that  the 
slider  should  move  with  a  velocity  of  1,000,000,000 
nis.  (approximately  the  length  of  a  quadrant  of  the 
eai-th  from  the  equator  to  either  pule)  per  second,  is 

ften  as  the  practical  unit  of  resistance,  and  called 
e  okvi. 
Some  account  of  experiments  which  have  been  made 
for  the  realization  of  the  ohm  is  given  in  Chapter  IX., 
and  it  will  be  seen  from  the  results  tliat  the  ohm  is 
approximately  equal  to  the  resistance  of  a  column  of 
B  mercury  106'3  cms.  long,  and  129  mm.  in  cross- 
ion,  when  the  temperature  is  that  of  melting  ice. 
present  this  number  is  that  generally  used ;  but 
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when  a  sufficient  number  of  exact  det«rmiDatioDS  0 
ohm  have  been  obt&ineii,  a  more  accurate  value  trill  i 
doubt  be  legalised  as  the  standard  of  reference, 
CuriTition  It  is  obviuus  from  equation  (1)  that  if  Kaud  R,  eai 
Ampeit.  '"i'-'""?  Offi  unit,  be  increased  in  the  same  ratio,  C  w 
remain  one  unit  of  current;  but  that  if  Vhe,  for  e 
ample,  10*  C.G.S.  units  of  potential,  or  one  volt,  aodr 
be  a  resistance  of  10"  cms.  per  second,  or  one  olud 
will  be  one-tenth  of  one  C.G.S.  unit  of  current,  m 
current  of  ihia  strength — that  is,  the  current  flowing  i 
a  wire  of  resistance  one  ohm,  between  the  two  ends 
which  a  ditfiirence  of  potentinl  of  one  volt  ia  mail 
tained, — has  been  adopted  as  the  practical  unitj 
current,  and  called  one  ampere.  Hence  it  is  to  befl 
membered  one  ampere  is  one  tenth  of  one  C.G.S.  tS 
of  current. 
I  DenTAtian  The  amount  of  electricity  conveyed  in  one  second  b 
Offolwmb  "'  '^"'''■'^"*'  '*''  "°^  ampere  is  called  one  eotilonib,  Th 
unit,  although  not  quite  so  frequently  required  a^  th 
others,  is  very  useful,  as,  for  instance,  for  expressing  tfa 
quantities  of  electricity  whichasecondary  cell  is  capabi 
of  yielding  in  various  circumstances.  For  example,  i 
comparing  different  cells  with  one  another,  their  capi 
cities,  or  the  total  quantities  of  electricity  they  ai 
capable  of  yielding  when  fully  charged,  are  very  cot 
veniently  reckoned  in  coulombs  per  square  ceutimeti 
of  the  area  across  which  the  electrolytic  action  in  eac 
takes  place. 

The  magneto -electric  machine  we  have  imagine 
yields  very  simply  the  relation  between  the  work  doc 
in  maintaining  a  current,  the  strength  of  the  curren 
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'  ftnJ  llie  eleolromolive  force  producing  it'  Although  a 
slight  digression,  we  give  this  diecussiou  here  to  help  to 
illustrate  how  electromotive  force  nnd  current  together, 
when  measured  in  absolute  electromagnetic  units,  give 
the  corresponding  electrical  activity  in  absolute  dy- 
namical units,  and  for  the  sake  of  tlie  practical  units  of 
electrical  activity  and  work. 

We  have  seen  above  (p.  118)  that  every  element  of  a  .■ 
conductor,  carrying  a  current  in  a  magnetic  field,  is  oi 
act«d  on  by  a  force  tending  to  move  it  in  a  direction  at  ' 
right  angles  to  the  plane  through  the  element,  and  the 
direction  of  the  resultant  magnetic  force  at  the  element, 
and  have  derived  from  the  expression  for  the  magnitude 
of  the  force  a  definition  (p.  143)  of  unit  current  in 
the  electromagnetic  system.    From  these  considerations 
it  follows  that  a  conductor  in  a  uniform  magnetic  field, 
and  carrying  a  unit  current  which  flows  at  right  angles 
to  the  lines  of  force,  is  acted  on  at  every  point  by  a 
force  tending  to  move  it  in  a  direction  at  right  angles  tc 
its  length,  and  the  magnitude  of  this   force  for  unit 
length  of  conductor,  and  unit  field,  is  by  the  definition 
of  unit  current  equal  to  unity. 

Applying  this  to  our  slider,  in  which  wc  may  suppose 
.1  current  of  amount  7  to  be  kept  flowing,  sav,  from  a 
battery  in  the  circuit,  let  L  be  the  length  of  the  slider, 
i'  its  velocity,  and  /  the  intensity  of  the  field ;  we  have 

•  rri.'li'"Ily  liisiiimccoiisidmiliiMis  formed  the  basis  of  Sir  William 
Tuom-iii'-.  r.iiiiiii-  j„L|jer»  "Oulhe  MuchfiiiiGiilThporjof  Elettrolysis," 
.,11. 1  ■■"ri  Aniiliiiiimis  of  the  Principle  of  Metbameal  Ktfrct  to  the 
Mr'iianiiirK'ii!  i>r  KIiTiroiiiolirB  Forces  and  of  Cialvanic  Reaiatances  in 
PhU.  Mag.  Dob,  1851,  or  iifyriiif  of  ilalA.  anrf 
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for  the  force  on  the  moving  conductor  the  value  Ij 
Hence  the  rate  at  which  work  ia  done  hy  the  electrO' 
magnetic  action  between  the  current  and  the  field  is 
Ilrfdxjdt  or  ILyv,  and  this  must  be  eijual  to  the  rate 
at  which  work  would  be  done  in  geaerating  by  motion 
of  tiie  slider  a  current  of  amount  7.     But  as  we  have 
seen  above,  ILv  is  the  electromotive  force  produced  by 
the    motion   of    the   slider.     Calling  this  now  E,  the 
symbol  usually  employed  to  denote  electromotive  force, 
we  have  Ey  as  the  electrical  activity,  that  is,  the  to1 
rate  at  which  electrical  energy  ia  given  out  in  all  foi 
in  the  circuit. 

By  Ohm's  law  this  value  for  the  electrical  activitj^'' 
may,  when  the  work  done  is  wholly  spent  in  producing 
heat,  be  put  into  either  of  the  two  other  forms,  namely, 
E^jR,  or  7''^.  In  the  latter  of  these  forma  the  law  was 
discovered  by  Joule,  who  measured  the  amount  of  heal 
generated  in  wires  of  different  resistances  by  currents 
flowing  through  them.  This  law  holds  for  every  electric 
circuit  whether  of  dynamo,  battery,  or  thermoelectric 
arrangement. 

Activiiies  We  have,  in  what  has  gone  before,  supposed  the  slider 
cat  Purta  ^  have  no  resistance  comparable  with  the  whole  resisl- 
of  Circuit,  ance  in  the  circuit.  If  it  have  a  resistance  t,  and  Ji 
be  the  remainder  of  the  resistance  in  circuit,  the  actual 
difference  of  potential  between  its  two  ends  will  not  be 
ILv  or  E,hnt E.}il(R  +  r)  (Vol.  I.,  p.  14G).  The  rate 
per  unit  of  time  at  which  work  is  given  out  in  the  circuit 
is  however  still  Ey,  of  which  the  part  Ey  .  TJ{Ji  +  r) 
is  given  out  in  the  slider,  and  the  remainder, 
'y.Rl{E  +  )■),  in   the  remainder  of  the  circuit.     In 
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short,  if  V  be  ihe  actual  difforence  of  potential,  as 
measured  by  an  electrometer,  bt!tween  t*o  points  in  a 
wire  connecting  the  terminals  of  a  battery  or  dynamo, 
and  7  be  the  current  flowing  in  the  wire,  the  rate  at 
which  enex^y  is  given  out  ia  Vy,  or  if  £  be  the  resist- 
ance of  the  wire  between  the  two  puint-s,  7'^, 

The  activity  in  the  part  of  the  circuit  considered  ia 
always  Vy.  but  this  may  be  greater  than  '^R,  in  which 
case  work  is  done  otherwise  than  in  heating  the  con- 
ductor, 7'^  is  then  the  part  of  the  activity  employed 
in  generating  heat. 

One  of  the  great  advantages  of  the  system  of  nnits  AdT«nUge 
brieBy  sketched  here,  ia  that  it  states  the  value  of  the  o.G.3. 
rate  at  which  work  is  given  out  in  tlie  circuit,  without  Systemof 
its  being  necessary  to  introduce  any  coefficient  such  as 
would  have  been  necessary  if  the  units  had  been  arbi- 
trarily chosen.  When  the  quantities  are  measured  in 
C.Q.S.  units,  the  value  of  Sy  is  given  in  centimetre- 
dynes,  or  in  ergn,  per  second.  Results  thus  expressed 
may  be  reduced  to  korse-ptnrer  by  dividing  by  the 
number  7+6  x  10";  or  if  £  is  measured  in  volts,  and 
7  in  amperes,  £y  may  be  reduced  to  horse-power  by 
dividing  by  7+fi.  Thus,  if  90  volts  be  maintained 
between  the  terminals  of  a  pair  of  incandescent  lamps 
joined  in  series,  and  a  current  of  IS  ampere  flows 
through  these  lamps,  the  rate  at  which  energy  is  given 
out  in  the  lamps  is  approximately  '157  horse-power. 
If  the  rate  at  which  work  is  done  in  maintaining  a 
current  of  one  ampere  through  a  resistance  of  one  ohm 
were  taken  as  the  practical  unit  of  rate  of  working,  or 

tivili/,  and  £  reckoned  in  volts  and  y  in  amperes,  the 
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rate  at  which  electrical  energy  is  given  out  in  the  circuit 

Toulti  be  measured  simply  bj'  £y;  and  calculations  of 

r   electrical  work  would  be  much  simplified.     This  was 

■Ii  proposed  by  Sir  William  Siemens  (Brit.  Assoc.  Address, 

1882),  who  suggested  that  the  name  watt  should  be 

given  to  this  unit  rate  of  working.     The  rate  at  which 

energy  is  given  out  in  the  lamps  of  the  above  example 

is  00  X  1'3  —  117  imtts.   A  twUt  is  therefore  equivalent 

to  10'  ergs  per  second. 

"tt       The  Electrical  Congress  held  at  Paris  in  August  1880 

has  adopted  the  watt  aa  the  practical  electrical  unit  of 

work,  and  the  term  kilowatt,  proposed  by  Mr.  W.  H. 

Preece  to  designate  an  activity  of  1000  watts  or  10" 

ergs  per  secoud.     It  is  intended  that  the  latter  unit 

should  be  used  instead  of  the  horse-power.   An  activity 

given  in  kilowatts  can  be  reduced  to  horse-power  by 

dividing  by  746,  or  roughly  by  multiplying  by  4  and 

dividing  by  3. 

Joule  or        Sir  William  Siemens  also  proposed  to  call  the  work 

Elocitical  done  in  one  second,  when  the  rate  of  working  is  one 

Wurk.     watt,  OUR  Joule,     Thus  the  work  done  in  one  second  iu 

maintaining  a  current  of  one  ampere  through  odg  ohm, 

or  the  work  obtained  by  letting  down  one  coulomb  of 

electricity  through  a  difference  of  potential  of  one  volt, 

is  one  joule.    K  joule  is  therefore  equivalent  to  10^  ei^, 

and  the  work  done  in  one  second  in  the  above  example 

is  \\1  joulen. 

The  Electrical  Congress  of  August  1889  also  adopted 
the  joule  as  the  practical  unit  of  electriL'al  work. 

The  practical  unit  of  electrostatic  capacity  is  called 
the  furad,  and  may  be  defined  as  the  capacity  of  a 
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contleti):er   which,  when   charged   by  an  electromotive    P^^t 
force  of  one  volt,  has  a  cliar^e  of  one  coulomb.     If  C  Capui^ 
be  the  numerical  capacity  of  such  a,  condenser  in  C.G.S.     p^^  i 
electromagnetic  units  of  capacity,  we  have  C'=  10"'/10* 
=  10"*  ;  or  one  farad  ia  equivalent  to  10"^  C.G.S. 

In  some  cases,  when  the  (luantities  to  be  expressed 
are  very  large,  units  one  million  times  greater  than  tlie 
chosen  practical  units  are  employed.  These  are  denoted 
by  the  names  of  the  corresponding  practical  units  with 
mtga  (great)  prefixed.  On  the  other  hand,  for  the  ex- 
pression of  very  smalt  quantities,  units  one  million  times 
smaller  than  the  practical  units  are  sometimes  used,  and 
are  denoted  by  the  corresponding  naTues  of  the  practical 
units  with  micro  (small)  prefixed. 

Such  units  are  however  rarely  employed,  with  the 
exception  of  the  megohm,  used  for  expressions  of  resist- 
ances of  insulating  substances,  and  the  mierofarad , 
which  is  really  the  most  convenient  unit  for  expressions 
of  capacities.  A  megohm  may  be  stated  as  10"  centi- 
metres per  second ;  one  C.O.S.  unit  of  capacity  is  equi- 
valent to  10'*  microfarails. 

The  practical  units  which  have  been  adopted  may  be    Pnictiri 
cousidered  as  belonging  to  an  absolute  system,  based  ou  m^ied'ai 
a  unit  of  length  equivalent  to  one  thousand  million    Absoluto 
(10*)   centimetres   (approximately   the    length  of   one 
quadrant  of  the  earth's  polar  circumference),  a  unit  of 
mass  equivalent  to  one  one-hundred-millionth  of  amilli- 
gramme,  or  10""  gramme,  and  the  second  as  unit  of 
time.     The   verification  of  this  in   the  different  cases 
will    furnish    examples    of    the    use    of   dimensional 
iormulas. 


•     iormuuis, 
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Nsme  at 

(juauttty. 
Resistance 
Electromotive  Force 
Cnrrent  Strength 
Quantity  of  Electricity 

Electrostatic  Capacity 


Ohm 

Vott 

Ampere 

Coulomb 

r  Farad 

I  Microfarad 


10-0 
10-" 


We  have  seen  above  that  if  Q.  Q'  be  the  numerics 
for  two  quantities,  the  dimensional  formula  of  QlQ  is 
tOTK']'  ^""^  '^'^  ^^  course  applies  to  the  expresaiona 
of  the  same  quantity  in  two  different  systems  of  units. 
Thus  if  q  denote  the  numerical  expression  of  a  quantity 
of  electricity  in  electrostatic  units,  and  Q  that  of  the 
same  quantity  in  electromagnetic  uiiits,  the  same  funda- 
mental iinils  being  employed  in  both  cases,  the  dimen- 
sional formula  of  q\Q  is  [^]/[^].     But  from  the  table 
(p.  523)  we  have  {q'\  =  [itf*  U  f-']  and  [V]  =  [J/^i*]. 
The  dimensional  formula  of  qjQ  is  thus  the  same  ns 
that  of  velocity,  that  is  to  say  g/y  is  equal  to  a  certain 
fiejinite   velocity,   the   numerical  expression  of  which 
depends  on  the  fundamental  units  of  length  and  time 
^^mployed.     In  other  words  the  number  of  drctrostalic 
^BlDits  of  electricity  which  is  equivalent  to  one  ckclvo- 
^gf^agnetic  unit  is  numerically  equal  to  this  velocity. 
^H  The  same  velocity  is  derivable  from  the  ratios  of  the 
^^nmerieal  values  of  any  of  the  other  electrical  or  mag- 
^K^tic   quantities  in   the   two   systems   of   units.     For 
'  instance,  if  c  be  the  numerical  value  of  an  electromotive 
force  in  electrostatic   units,  and  E  that  of  the  same 
electromotive  force  in  electromagnetic  units,  we  have 


DimeD- 
smna  of 
Ratio  of 
EUctro- 
mogcetic 

Electro- 
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for  tlie  ilimensional  formula  of  ejE  tlje  value  [f]/[ 
=  [Af f  Z*]  [A/1  ii  r-']  =  [/;-'  T\.  The  ratio  ejE  I 
llius  tbe  dimensional  formula  of  the  reciprocal  ol 
velocity,  and  therefore  Eie-,  or  which  ia  the  same,  I 
number  of  electromagnetic  units  equivalent  to  c 
electrostatic  unit  of  electromotive  force,  is  prope 
expreaaed  as  a  certain  definite  velocity.  It  ia  easy 
see  that  this  velocity  is  identical  with  the  former.  1 
if  q  and  Q  be  the  numerical  values  in  the  two  sysle 
of  a  certain  quantity  of  electricity,  then  since  e  and 
denote  the  same  electromotive  force,  the  work  tq  m; 
be  numerically  equal  to  the  work  EQ.  We  get  the 
fore  Eje  =  qjQ,  that  ia,  the  two  velocities  are  i 
same, 

By   taking  the  more  general  dimensional  formu 
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given  Quantity  of  Electricity 

j/e  = 

Current 

7/r- 

„       Electromotive  Force 

,m  - 

Electrostatic  Capacity 

c/C  = 

„       Rt-aistance 

./Ji  = 

Therefore  if  q  and  Q,  e  and  E,  or  the  numerics  for 
any  other  given  quantity,  be  determined  in  the  two 
systems  of  units,  the  value  of  v  can  be  at  once  obtained. 
Experiments  of  this  kind,  some  of  which  are  described 
in  Chapter  X.  below,  have  been  made  by  Maxvfell,  Sii' 
W.  Thomson,  Weber,  Ayrton  and  Perry,  J.  J.  Thomson, 
H,  A.  Rowland,  E.  B,  Rosa,  and  otliers,  with  the  result 
that  r  =  3  X  10*"  centimetres  per  second  approximately, 
or  very  nearly  the  velocity  of  light  in  air  as  deduced 
from  experiments  made  by  the  methods  of  Foucault 
and  Fizeau.  According  to  Maxwell's  Electromagnetic- 
Theory  of  Light  {ElcdricUy  and  Magndism,  Vol.  11.. 
Chap.  XX.)  this  relation  should  hold,  and  thtis  the 
theory  is  so  far  confirmed. 

In  the  present  chapt€r  we  have  considered  only  the 
scalar  magnitudes  of  electric  and  msgm.tic  quantities. 
For  an  instructive  discussion  of  the  Theory  of  Dimen- 
sions from  a  vector  point  of  view  the  render  may  refer 
to  a  paper  by  Mr.  \V.  Williams,  Fhit.  Ma-j.  Sept.  1892. 


CIIAPTEK  X 

ABSOLUTE  MEASUREMENT  OF  RESISTANCE 


Stall  dftr>l) 
of  ittsiat- 


In  order  that  all  the  results  of  electrical  experimi 
may  he  expressed  ia  absolute  units,  realized  absolal 

II D  its  of  resistance  must  be  available.  An  elect 
current  can  be  nieasurcil  at  any  time  in  ahsoluU 
units,  aa  we  have  seen,  by  means  of  a  proper  standanj 
galvanometer  or  current  balance.  When  the  absolute 
value,  a,  of  the  resistance  of  a  coil  of  wire  ia  knowdj 
a  difference  of  potential  expressed  by  any  chosefl 
number  of  absolute  units  can  be  produced  by  causing  t 
current  of  the  proper  strength,  7,  to  flow  through  thi 
wire.  If  the  wire  is  not  the  seat  of  any  electromotive 
force,  the  difference  of  potential  between  two  points  in 
tlie  wire,  close  to  the  ends,  ia  yR.  By  this  mode  of 
reali?:ing  differences  of  potential  the  electromotivtfj 
forces  of  voltaic  cells  have  been  determined  ;  and  sui 
cells  can  be  used  in  their  turn  as  practical  standiirds 
the  comparison  of  differences  of  potential.  A  rei 
standard  of  resistance  is  thus  of  fundamental  inr 
ance  in  absolute  electrical  measurement. 

Various  methoiis  for  the  absolute  measurement 
resistances  liavc  been  devised,  and  a  few  of  these  mi 
suited  to  give  exact  results  have  been  carried  out 
great  care   and  experimental  skill  by  several  ex; 
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menters.  We  give  here  a  general  account  of  these  in- 
vestigations, going  however  into  full  detail  regarding 
only  one  or  two  of  the  more  recent,  and,  on  account  of 
the  accumulation  of  experience,  presumably  the  more 
exact  of  them. 

The  methods  may  be  classed  in  three  divisions : — 
I.  Those  in  which  electromagnetic  induction,  of  which 
the  amount  can  be  calculated,  is  employed  to  generate 
a  current  in  the  conductor  tlie  resistance  of  which  is  to 
be  determined.  The  strength  of  this  current  depends 
on  tbis  resistance,  and  is  measured  directly  or  indirectly 
80  that  it  enables  the  resistance  to  he  found,  II.  Those 
based  on  Lorenz's  method,  in  which  a  continuous  dif- 
ference of  potential  between  the  terminals  of  the  given 
conductor  is  produced  by  electromagnetic  induction,  and 
is  balanced  by  a  ditfereuce  of  potential  independently 
produced  by  a  current  7  flowing  in  the  conductor. 
III.  Joule's  method,  in  which  the  rate,  7*ii,  of  genera- 
tion of  heat  produced  by  a  measured  current  7  in  the 
conductor  is  determined,  and  the  resistance  deduced  by 
dividing  by  7*. 

The  first  meHio<]  of  type  I.  which  we  describe  is  that 
due  to  Kirchhoff."  Two  coils,  C\,  Cj,  between  which 
there  is  a  mutual  inductance,  M,  are  joined  up,  as  shown 
diagrammatically  in  Fig.  128,  with  a  battery  and  gal- 
vanometer, and  the  resistance  S  to  be  determined.  The 
ateaily  curi'ent  deflection  of  the  needle  is  first  observed. 
C^  is  then  removed  from  the  position  in  which  the 
mutual  inductance  is  M,  to  one  in  which  the  mutual 
iuductance  is  zero,  and  the  first  throw  of  the  galvano- 
•  Foyg.  An-a..  7fl,  (1849). 


R[rch>' 

hoffe 
Method. 
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meter  is  noted  (together  with  the  succeeding  elongations 
to  enable  n  correction  for  damping  to  be  applied).  If 
X  be  the  total  induction-flow  through  the  galvanometer, 
i.  ilie  8l«ady  current  in  (7,  and  the  resistances  i*,  ft  of 
AC^B,  BO^,  respectively,  be  each  great  in  comparison 
with  R,  then  we  have  very  approximately 


lt  =  M" 


(1) 


If  the  galvanometer  deflections  fur  steady  currents 
follow  tlie  tangent  law,  and  0^  be  the  deflection  produced 
by  the  steady  current,  6^  the  induction  throw,  correcteJ 
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»a(l  IT,  S',  be  the  values  of  the  earth's  horizontal 
compoDenls  !it  their  respective  needles,  then  luatead  of 
(2)  we  have 

ii     t/j  2  sinjffj 

To  prjve  eqaation  (1)  let  i,  i,  be  the  currcTit  in  the  batlerj-  Them 

nnd  in  llie  (jolvanometer  at  any  imtBiit  during  the  change  of  ^'™ 

llie  induclnnce,   nnd    C,,   i,,  the   Belf-inductnnces    of  the   two  -y  ^ 

circuits  AC-tBA,  ABCfA,   fi  being  aiipposed  devoid  of  aclE-  ■*'""'* 
"    '      "      ce.     Tlieti  these  cirt-uitB  give 


Z^  +  ifii  +  («  +  -«)' 


■  ili  = 


{^) 


.  =  0  J' 


where  ^ia  the  oKeliomoiive  force  of  tlie  buttery. 

lotegrnling  these  eqiialions  over  (lie  (very  sliort)  inler" 
of  change  of  the  mutual  iiiductnucu  from  M  to  0,  we  get 

-  ^fi,  +  <P  +  R)u 

-  m,  +  {Q  +  R)t 

But  wheu  the  currents  are  steady  the  second  of  (3)  is 

(Q  +  }i)±.  -  jii.  =  0. 

Elitiiinating  a  between  the  two  equations  of  (4),  and  putting 
i,  ^  i,{Q-i-S)iR,  as  given  by  the  last  equaiiun,  we  find  &£tcr 
reduction 

r    _jr{F  +  Ji)(Q+R)  +  ]p 

^.     Jc  {F  +  R)  iq -i-  H)  -  jp 


=  2    '  + 


IP  +  J()  {q  +  Jt) 


+  &C. 


If  P,  Q>  be  each  great  in  coiupnriBon  wiih  R.  this  ) 
K'liiation  (2)  follows  by  the  theory  of  the  baliiatic  galvi 
Thia  investigation  is  oractically  Miixwell's  version  of  the 

Crocess  followed  originully  by  KircliliofE.  T 
uwever  be  obtained  somewhat  more  directly  aa  fo 
h  BQiiiiUcd  an  integrul  electromotive  force  of  amount  3fu,  acts 


(6) 

(!)■ 

the 
result  may 
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in  Cj,  knd  nnotlier  of  amount  Jfii  in  Cy  The  indut 
to  ench  throitgli  the  galvanometer  has  the  same  direction, tii 
on  nccDunt  of  tite  opposite  signs  of  the  inductions  through 
Cj,  the  currents  induced  in  llieni  are  in  oppoaite  dir^iuns  rou 
these  coils.     Tlie  flow  through  the  gslvii  no  meter  due  to  JTv* 

aii,  s     '  _.if (f  +  ji)(i?  +  w. 

R  q[P  +  R)+  rit''' 


ThBt  due  to  Mi, 


«+, 


-  a 


P4.  _««_«  + 

J^dding  theBD  wo  get  for  tin 


X  n<i  +  i)  +  in 


total  flow  through  the  gain 
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side  ftB  t!i«  current  was  reversed,  and  therefore  the  indiictiou 
changed  by  '23f. 

The  follotvicg  nre  Ihe  pnrticuliira  of  the  cuiU  uaetl  by  GInze-   1  ..^ 

brook,  which  were  wound  with  grent  care  by  PruresEor  Cbrjslal  Inductio 
for  R  eimilBr  investigation.  The  two  coil*  are  diBlinguiehed  iis  Cnila. 
J  and  3.     They  were  wound  with  well-insulated  copper  wire. 


i 


' 

" 

m™. 

Mean  radius  in  cthb.  (a).    .    .     . 

25-7£3 

25'76G 

S5-760 

Axial  breadth  of  section  (24).     . 

I'flee 

1-699 

1-897 

1  Rndial  depth  of  section  (2rf)  .    . 

1-92 

1-90 

1-91 

[Nuniberof  turns  of  wire  .     .     . 

797 

791 

7P4 

1  Resistance  (apprux.)  in  B.  A.  unite 

84 

83 

167/2 

The  positions  of  the  mean  planes  were  estimated  from  the 
dimensions  of  the  ring  channels  in  which  the  wire  was  wonnd, 
and  any  doubt  as  to  the  exact  poHitioiiH  in  these  channels  was 
eliminated  by  rerersing  the  boohins  relatively  to  tlie  distiiDce 
jiiecee  between  tliem. 

The  galvanometer  used  was  an  inslnunfnt  also  specially    Galvi 
woond  by  Professor  Chryatal.     It  consisted  of  two  coils  about 
4  inches  in  dlatneter  and  23/32  of  an  inch  apart.    These  cuita 
..I.I..  „i — >  .  .. ii,...!   ..:. 


^nble 
could  be  Ricd  i 
The  needle  w 
•71.8  gramme. 
was  fixed  the  i 
brass  weiRlits  i 
weighed  G'6  grammeB,  and  w 
60  cms.  long. 

Tlw  Bcale  was  of  paper  divided  to  millimetres,  and  compared 
with  a  standard  scale. 

Each  experiment  made  included  eight  observaliona  of  throw, 
and  two  of  steady  current  deflection,  and  each  set  of  experi- 
ments consisted  of  four,  one  for  each  of  the  four  pueitinns  in 
which  the  pair  of  coils  could  be  placed  by  rcvtrraing  them  witli- 


.buut  a  verlJcal  axis  round  a  graduated  circle 
the  umgnetic  meridian. 

of  hard  steel,  and  r5cni.  in  length,  and  weighed 
t  was  suspended  in  a  stirrup  of  braes  on  wliich 
rror,  and  a  projecting  stem  of  brHS?,  on  which 
the  period.  The  whole 
ipondcd  by  three  libreH  of  silk 


I 
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It  dinnginif  the  dislance  between  their  centres,     Tlire«  Busfci^ 
Is  were  iiiude  fur  the  distance  Ifi  019  cms.  of  mean  planu, 


=  -98598  X  10"  CI 


i»l. 


ies   at  eiperimcnta  were  oflerwards  made  ii 
r  for  three  different  diBtances  of  mean  planes  I6'0I9 
lB-2S2cniH..  SS69SCR1S. 

Different  butteries  were  used  so  thnt  the  currents  tiiiQUgh  tli 
coil  were  varied.    The  mean  result  ohtained  wna 
fi=  158x  lO'CG.S. 

Ab  a  precaution  when  the  conductor,  the  resistance  of  whH 
is  to   he  determined,  Ja  a  coil  of  copper  wire,  it  is  necoi 
lest  the  result  should  be  affected  hy  vnriatiun  i>f  teroperi 
to  make  frequent  cum  pari  so  iia  of  tlie  resistonc?  of  the  coil 
thnt  of  a  platinum,  silver  or  Germrin  silper  stardurd, 

ExprcHBcd  in  B.A.  unile,  R  whs  found  by  si 
with  B.A.  slaiidards  to  be  160'630  at  12°  C. 
reduced  to  tills  temperature  for 
unit  the  followinKVuluea: 


likf 


uipunaon  ga 


a  compan 

id  the  rw 
!  for  the  ] 


■98633  X  10"  C.G.S. 


■93558  X  10»C.O.S. 
■ies  C.    3  sets. 

•98670  X  10"  C,G.  . 
preliminary  reaults,  with  half-weighls  given 
investigiition  gave 
B.A.  unit  =  -986271  X  10«  CG.S. 
s  made  a  redelerminntion  by  tliis  iiielliod  of ' 
L.  unit,  and  has  given*  as  the  mean  ot  nil 

B.A.  unit  =  98066  X  lO^  C.G.S. 
In    this   method,   apart  from   observations  of  galvanom* 
dcfleclions,  accuracy  depends  on  tie  einct  determination  of 
wliich  is  a  Hnear  quantity.     The  coils  used  have  had  geQ«nlI 
the  same  radius,  and  tlie  effect  of  errors  in  l)i 
tlieirrndii  and  distances  apart  have  been  estii 

•  a  A.  Report,  1800. 


results 
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v  LoH  Rnyleigli*  If  we  denote  the  msan  rndiaa  of  Ihe  coils 
iuppo^ed  the  sume  in  both)  by  a,  unci  the  dhrniico  npnrt  of  their 
letici  p'ftnea  by  i,  nnJ  (n/,V)  dMjiIa,  {bjM)  dMjdb,  by  X.  n. 


~=>^~  +  /'/. 

wliich  eiiib!E>s  (he  effects  of  the  errors  da/a,  ibjb,  to  be  estimnted. 

The  expression  for  SI  in  teims  of  a  and  b  U  given  by  (142)  nt  Examum 
p.Slanbove.and  the  known  values  (see  Appondis)  t^iMIJiTfJaa")  tiun  of 
for  different  vMnes  of  y(=  sin-l  2-J^I  %/(fl  +  a')'  +  A=),  enables  Differenl 
those  of  X  and  ^  to  be  fonnd.  It  is  clear  Ihat  since  .V  increMes  ^"^ 
an  i  diininiahe!!,  and  vice  vend,  n  must  always  he  negative; 
A  must  therefore  be  always  greater  than  unity. 

If  6  be  great  in  eompariaon  with  a  it  is  clear  tliat  Jlf  will  vary 

ivn  a*/4*,  and  therefore  X  =  i,  ft.  —  —  3,    This  is  a  very  unfnvnur- 

iible  caae,  as  then  errors  in  a  and  4  are  unduly  multiplied  in  M. 

Again,  if  i  be  small,  it  is  dear  that  n  ia  nearly  zero,  and  this 

may  be  rerified  by  differentiating  the  approximiite  eipresaion 

i^a  log  («W4  -  2).    Still  ony  error  db  in  b  may,  if  *  ia  umall.  be 

t'otnpitrab'e  with  b  itself,  and  thus,  althout;h  fi  uiity  ho  small, 

I  ^16jb  miy  be  s:n<ible.    Fnrther,  the  correction  for  cross-section 

}  it  of  greater  ndative  importance  in  tiiis  case  ;  and  thus  for  two 

^  reaaonH  it  is  preferable  10  keep  6  of  moderate  value.    Lord  Ray- 

Iftigh  gives  the  following  (able  for  intermediate  values  of  b : — 


r 

- 

* 

- 

» 

60= 

■577 

2  61 

-  1-Gl 

■3ie 

70' 

■304 

218 

-  P18 

■51)7 

75= 

■268 

1-98 

-    -98 

■8-29 

80" 

■176 

176 

-    -76 

Mf6 

s  of  i/,i!a,  anil  ilb/b,  the 
roughly  MS  2  to  I. 


'  Phil.  ifny.  Nov,  1882. 
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With  regard  to  the  current  meaitTirementa,  it  la  to  he  ootie 
that  llie  tiietlind  does  not  involve  aQj  detormiDatigiiB  of  i 
tnnces  of  scnleB  from  iiilrrora,  except  aa  a  ineMtia  of  correct 
the  approiimnte  value  of  Un  fl,/Binitf,  given  hy  tha  ratio  ot 
deflections  as  rend  off  in  scnle  diviaions  (see  p.  486).                ] 

Lord  Unyleigh  lb  of  opinion  that  by  using  Btili  Inrger  e 
than  those  employed  by  Glazebrook,  with  the  name  number 
turni  of  wire,  the  accuracj-  of  eiperiraenta  hy  thia  method  ui 
probnbly  be  Htill  further  increased.     The  greater  value  of 
and  tlia  greater  conduetance  of  tlie  wire,  wout>l  give  gni 

miide.    A  relatively  amall  vhIub  of  the  radial  hrendlh  of  sactl 
the  chief  Blemeut  in  the  correction  for  cross- section,  migbt  tl 
also  be  used. 

by  winding  154  turns  uf  line  silk-cuvered  wire  in  each  of  tb 
accurately  turned  braas  bobbina  (J,  B,  C).     Their  raean  r 
were  respectively  13'710  cms.,  IS'SHOcms..  13-720  cms.,  uid  e 
had  a  radi.il  depth  of  -90  cm.  and  an  nxia!  width  of  '84  cm. 
Tlieae  bobbins  were  used  two  at  u  time,  ond  were  mnde  1 
carefully  ground  ends  ao  that  they  could  he  fitted  end  to  i 
with  their  axes  in  line.     Each  pair  could  of  course  be  plucei 
four   poaitiuna  reltitively  to   one   another  without  altering 
distauce  between  their  mean  planes,  and  as  all  four  were  uM< 
ench  case,  the  elighteet  uncertainty  aa  to  the  exact  diatMiM 
the  coila  apart  wiia  eliminiited  by  combinntion  of  tho  nm 

The  values  of  Mvcte  calculated  hy  the  elliptic  inlegrsl  form 
olreadygiven,  and  a  correction  waa  made  for  the  oroaB-sectioi 
each  coil  according  to  the  formula  at  p.  522  above.     The  reai 
were  n»  follows  :  — 

A  .ud  B. 

A  >»J  C. 

StadC.   ^1 

Mean  disUnce  a- 
part  .... 

e-534  cms. 

9-574  cms. 

W7l  oi^M 

Value  of  M   .     . 

3775500  cn.B. 

2561974  cms. 

2051320  cx^M 

'  suih 

nan's  American 

Jguroal.  IE  (18 

1 

METHOD  BV  INDUCED  CUBRENTS 


6*7 


Gnlv«no- 


)  Needlaa  of 


a  ballistic  galvanometer  was  eomptfied  of  two  coils  con-  Drtsils  of 
ig  between  [lieni  1,790  turns  of  No.  Hi  siik-eoverod  copper    Bellifilic 

wuun<l  on  a  brass  cylinder  8-2  oniB,  long,  anJ  11  6  cms.  in    '''' 

Bter,  in  rectangaUr  grooves  3  cms.  deep  and  2'S  onis.  wide, 

(THjut  along  the  cylinder  prevented  the  eircnlation  of  induc- 

::iirrenta  round  it.     The  coil  was  monnted  so  that  it  could 

med  about  a  vertical  oxia  to  any  required  azimuth,  and  its 

ioQ  determined  by  a  horizontal  circle  below.     This  circle 

inely  grudunted,and  whs  read  to  30"  by  ii  couple  of  vernie 

fO  differenl  needles  were  used  in  eoch,  consisting  of  t 

Isuiinie  of  hard  steel  attached  to  the  two  sides  of  a  square    <">iti>ii<i- 

ot  wood  so  thai  the  magnetic  asle  coiild  nut  vary  in  meter, 
ion.  One  needle  was  1'27  cms.  long,  and  had  a  period  of 
^conds  ;  the  length  of  the  other  was  I'^iO  cnis.,  and  its 
d  ll'd  MconJs.  The  moment  of  inertia  of  each  was  aug- 
cd  by  brass  weights  carried  by  wires  extending  in  the 
tion  of  the  magnetic  axis.  Each  needle  was  suspended  by 
<  single  fibres  43  cms.  long.  The  torsion  of  these  fibres  was 
nated  from  the  result,  as  will  he  Heca  below,  except  as 
'ded  the  period  of  vibration,  and  for  tliis  an  allowance  was 

brass  bar,  passing  through  the  opening  below  the  needle, 

?d  a  small  telescope  by  which  the  mirror  was  observed  when 

nnstant  of  ihe  coil  was  compared  with  that  of  another. 

e  eoostant,  Gj,  of  the  coil  was  determined  first  by  calcula-  Ilet»r- 

from  its  dimensions,  and  by  compariaun  with  that  of  the  mmatiou 

double   coil   of   an   electrodynamoitieter    constructed   on  ^    "' 

jholli's  plan  (p.  366  above).    This  coil  had  a  constant  of  «°'>'""''- 

by  calcidution,     In  I  he  comparison  the  batlistlc  galvano-  p     „     . 

r  was  used  with  its  graduated  horizontal  circle   ub  a  sine  ""      "  ' 


uiuate  the  ratio  of 
iult   Cj  =  1833'67, 


ter  a  comparison  had  been  made  the  ir 
^ed,  and  the  comparison  repeated  to 
alues  of  H  at  the  two  places. 
ren  delemiinatinns  gnve  as  a  mear 
a  probable  error  of  ±-09,  andculculat 
lunner  result,  being  probably  coiiaidernbly  the  more  accti- 
wos  given  double  weight,  and  a  mean  then  taken  with  the 
■,  which  gave  0,  -  183319. 

tangent  galvanoiiieler   was   used   to   measure   the   steady   DoUila  of 
nt     This   was   a   circle   SO  cms,   in  diamet  "  '     " 

'e  2-7  cms,  long,  the  deflection  of  which  v 
er  moving  round  a  graduated  circle  20  cms 
lactic  error  was  avoided  by  placing  the  circle  o 
edie  which  moved  round  Inaide  if. 

N  N  : 


Taneuut 
read  by  a  lialvano- 
1  diumetor.  "x'^- 
on  a  level 


1.BSOL0TK  MEASUREMENT  OF  RESTSTANCR 


The  constant  of  tijie  galvanometer  wan  compiired  witli  tlml 
of  0  single  circle  of  wiro  82'7  cms.  in  di.iinet«r,  n-oiinii  uu  i 
ring  made  of  pieces  <.f  wood  laid  together  with  tlie  grkiii  in  llx 
direalion  of  the  circunifervnce,  nnd  csiefiilly  turned  willi  * 
small  groove  nt'iir  one  side  to  receive  the  wire,  Tiie  lengtli  nf 
H  259-56  cniB.,  giving  a  menn  iBdius  of  4191344  cnti. 


This  circle  whb  made 
coil,  but  At  a  distnnc 
carrying  the  Buspenin. 


ind  the  bolliBtic  galvi 
OD  one  side,  lo  allow  Ibo  lul* 
NIKS.    Thua  the  conataut  of  llf 


circle  was  -IfiiyaS. 

The  same  current  b 

through  the  tangent  galvBno- 

meier  coil  and  the  ri.., 

\,    ff,   being   Iheir    resprctir* 

con^tints,  we  have,  if  a, 

the  angiilnr  licBecLions  of  tte 

needier, 

B  ///W  in  (2'),  which  hecomes 

Vie, 


T  G'  1 


where  6^  i*  tlie  bnllistic  deflcclion  corrected  for  damping. 
Ailvan-         This  method  avoids  tlie  difficulty  of  accurately'  determiniQ 
tnpis  of     HIH'  by  vibration  of  a  needle  at  the  two  places,  and  gives  fli 
Procedure   further  great  advantage  tliat  the  distance  of  the  mirror  from  til 
adopltd.    gpaip  ^f  [|,g  halliatic  g^lvanoraeter  only  eulera  as  a  corre 
on  the  rnllo  IflnaVsinJfl,.     The  sfttne  factor  of    correclio 
torsion  nffei-ted  hiith  tan  a'  and  sin  \6„  ho  thiil,  with  the  esctp- 
tion  of  a  sma'l  correction  on  the  period  T  of  the  needle  of  lb 
ballistic  galvanoiueter,  all  allowances  for  loreinn  were  eiiniiealf^ 
Still  further,  since  a  and  6  can  he  made  nearly  equal,  the  correc- 
tion  for   length    of   needle    in   tand/tana    ia    almost    entirel; 
obviated. 

The  apparatus  wna  set  up  in  a  separate  building  in  two  roomr 
on  the  ground  floor.     The  galvanometers  were  on   brick   pier\ 
with   marble  topn,   and   wera  verj'  c»ref:iVy  adjusted,   and  -"» 
connecting  wires  were  twisted  together  to  avoid  m.ignetic  efi 
This   adjustment,   as   woll  As  the  inaulation   everywhere,   i 
carefully  tcaleii. 


METHOD  OF  EARTH-INDUCTOR 

Tb«  e2perini9iitij  were  mainly  mride  liy  simply  reversing  tlie 
butlery  current  and  observing  tlie   throw;  but  tlie  tnetliod  of 
t  'L-uil    was  ai«u  used.     Series  uf  experiments  were  m»de  witti 
.-1)  pair  of  intiiiclion  coils  A  suil  S,  B  and  C,  Cand  J. 

Tbe  time  of  vibration  wns  obuecved  at  the  beginning  and  end 
I  eacli  series  cf  observuliutis.  The  needle  was  allowed  to 
>  ibrate  for  10  seconils,  and  ten  obaervationa  were  made  before 
ind  after  tbat  iuteival.    Time  was  taken  on  an  accurate  mnriuu 


chrt 


e.iu  resjit  of  a  long  series  uf  experiments  gave,  after 
corrcctioDB  for  temperature  of  coils,  &c.,  34-719  X  10°  cms. 
SCO.  as  the  value  of  R.  Comparing  with  "10  ohm"  standard 
Is  in  liis  poBsession,  aud  with  a  resistance  box  by  Elliott, 
iie*Bot  ItowJand  cane  to  the  conclusion  that 


1  B.A.  unit  =  -9911  X  10»  ci 


1.  per  Bee. 


Two  methods  of  the  first  class  are  due  to  W.  Weber. 
The  first  is  verj  simple,  A  coil  moanted  with  its  axis 
111'  figure  horizontal  and  in  the  magnetic  meridian,  and 
Ijaving  its  circuit  completed  through  a  baliiatic  galvano- 

I  meter,  is  quickly  turned  through  half  a  revolution  round 
a  vertical  axia.  If  A  he  the  effective  area  of  the  coil 
(the  sum  of  the  areas  of  its  spires),  and  II  the  hori- 
zontal component  of  the  earth's  field-intensity,  a  change 
of  induction  of  amount  ^AH  through  the  coil  is  pro- 
iliiced.  This  meuKsures  the  integral  electromotive  force 
in  the  coil,  and  hence  if  the  circuit  be  completed,  and 
include  a  total  resistance  R,  the  total  quantity  of 
electricity  which  flows  through  the  circuit  is  2ABIK. 
This  is  not  affected  iu  the  least  by  the  inductance  of 
the  circuit. 

The  galvanometer  deflection  is  observed,  and  also  tbe 
elongations  following,  to  allow  damping  to  be  corrected 
for.  By  the  theory  of  the  ballistic  galvanometer,  if  T 
be  the  complete  period  of  tbe  needle,  0  the  principal 


){ow1aud^ 
Final 
KeiuU. 

Kiinh 
Iiiiliiclor 
Method. 


ABSOLUTE  MEASUREMENT  OF  RESISTANCE 

galvanometer  rf>nstant,  W  the  horizontal  componei 
the  earth's  magnetic  Ueld  at  the  curdle,  and  ff  the  i 
served  deflec  ioti,  the  total  flow  through  the  instruiin 
is  AT  sin  jd/iC.    Thus 


SAM' 


HT 


sin  19 


=  ivBA 


11  rsinjo 


In  general  H  is  very  nearly  equal  to  R' ,  but  it  i 
not  do  to  sasumc  absolute  equality ;  and  the  1 
quantities  must  be  compared  by  observing  the  peri 
of  vibration  of  a  liomontalty  suspended  needle  i 
two  places. 


■Welier"B 

tlodn  of 

imputing. 


Weber  ei 


1 


iployed  tlie  metliod  of  recoil  (p.  396  nbove)  li 
I.  Turning  the  coil  firat  tlirough  l6Ci°  from 
initial  posilion,  lie  obasrveil  one  deflection  (positive,  eiiy) 
llie  fallowing  elongition.  Then  when  tha  needle  wns  p«8i 
through  zero  the  ee(<ond  time,  lie  brought  the  coll  bni;k  In 
originnl  posilion.  This  brought  the  needle  to  rest,  and  fin 
deflecietl  it  to  the  nejfdlive  side  of  zero.  This  dcdectioo 
obnervad,  and  the  following  elongation,  and  then,  nt  the  sec 
pngsage  through  Eero,  the  siiine  series  of  operations  was  1m 
afresh.  J 

Lord  Bnylcigh  has  pointed  out  that  if  a,  i/,  be  the  nieanfl 
of  the  inductor  and  galvanometer  coils  respectively,  Uto  p9 

a  A  -  2w'  -',  1 


10  tlint  error  of  nienn  radion  has  double   the  importance  Bm 
inductor  coil  that  it  Itas  in  the  galvanou.ctcr. 

Great  care  is  nGceaaary  in  levelling  the  inductor  as,  on  atw 
}f  tlie  Urgeneas  of  the  vortical  component  of  the  eartli's  fiel 
ligh  latiludes,  any  deviation  in  the  plane  of  the  meridiAD  ol 
verlicniit 


n  the  : 


!uli.     Thu: 


t'  the 


a  be  inclined  t 


tha 


METHOD  OF  EAKTH-IKDDCTOB 


n.tli  a 


1  tlie  plaue  of  tlie 


ineteail  of  J  the  value  J{1  +  a  Ian  D).  wliere  U  is  [lie  mog- 

Thia  melliod  wns  used  by  Weber  hiniaelf,  and  IuUt  by  Weber 
ftnd  F.  ZiJllner,  In  the  latter  experimenta  very  large  iiiduclor 
ftnd  galvanompter  coils  were  used.  Eacli  cniisisted  of  12  iBvers 
of  copper  wire  3  inin.  thick,  6S  lortis  in  s  layer,  wuimd  on 
bobbioa  of  well-BeoBDued,  oil-soaked  mahogany.  The  din 


For  iLe  giilvanomeler  needle  was  uged  one  or  other  of  two 
magnets  of  lenj^tlis  10  cms.  and  20  cms.  roepectively,  auil  the 
defleclione  wure  read  by  nieanB  of  a  telescope  and  scale  in  the 
ordinary  manner.  The  reBeurcb  was  carried  out  in  n  room  o£ 
the  observatory  at  Leipzig,  subject  to  varying  magnetic  diaturb- 
iinces  and  to  variations  of  tempera':ure,  aud  was  intended  merely 
;ls  a  teat  of  tlie  apparatus. 

The  resiata;ice  of  the  circuit  of  the  inductor  given  by  the 
t'Xperiments  caine  out  slightly  greater  with  the  shorter  needle 
than  with  the  other.  This  was  to  be  expected  as  ihe  deflection, 
S.  with  the  shorter  magnet  luiist,  on  account  of  the  greater 
distance  on  the  whole  of  its  magnetic  distribution  from  the 
current,  have  been  slightly  smaller  than  the  deflection  in  the 
other  cose.     It  is  obvious  that  the  needles  were  much  too  long. 

A  careful  delermlnntioD  of  the  nhm  has  been  made  with  these 
coils  by  Professor  G.  Wiedemann.*  The  apparatus  was  set  up 
in  B  room  of  very  constant  temperature  in  the  Universilj  of 
Leipzig.  A  rhombus- shaped  steel  plat«,  with  attnched  glues 
luirror.was  hung  with  its  plane  vertical  and  its  longest  diameter 
huriziintal,  and  tieing  raagnetixed  in  the  direction  of  this  diagonal 
served  as  needle.  The  needle  carried  beneath  it  a  horizontal 
iiietiil  bur  on  which  weights  could  he  elided  t( 
of  inertia  of  the  suspended  eysl«m. 

The  coils,  having  been  levelled,  wei 
same  current  sent  in  opposite  directio 
tions  of  a  needle  hung  within  Ihe  coil, 
right  angles  to  the  magnetic  meridian. 


'e  eacli  adjusted  until  the 

US  produced  equal  detlec- 

.    Their  aaes  were  then  at    ■ 

The  galvanometer  coil 


■   It'uaeiiKh.  1S84,  i 


Deter- 


AB80LDTE  UEASUREHEKT  OF  BB8ISTASCE 

wan  tliei)  fixed,  and  the  inductor  turned  throuf^li  an  •ngleofBO''. 
""  ■  '  -  ...I   i-  .._-..  ^  right- «iiglod 

s  by  reflectioi 
ineular  faces  (wtiich  were  verlicaJ),  and  taming  the  ooQ 
until  tlio  sniiie  divisiun  uame  to  tlie  croaa-wirea  hy  reflectim 
frum  the  oilier  face. 
'f  An  Rirangeiiient  at  stops  was  tlien  provided  so  thut  the  aril 
coitid  bo  turned  frum  Ihis  position  tliniugh  exactly  18Cf  and  bftck 
ngain.  Tlie  coil  waa  turned  a.  number  of  times  in  Hacceaion 
suddenly  through  this  angle,  always  when  the  needle  had  ntntmi 
to  ilB  zero  [lusitiun,  so  that  tlie  deflectioD  won  multiplied  U  hi 
as  the  limits  of  the  scale  would  allow. 

Tlie  successive  deHections  d„  6„  &c.,  if  the  enrrent  wu 
applied  when  the  needle  was  accurately  at  zero  in  each  case,  wen 
related  to  the  quantity  Q  of  electricity  which  flowed  through  tin 
circuit  at  each  half  turn  of  the  coil  as  follows :  $^  —  £Q, 
6f  =  KQt  -\  KQ  (1  -(-^)  Q,  .  ..,  where  K  has  tlie  value  staled 
in  (39),  p.  396  ahove.  These  were  observed  and  the  obaerrtf 
tioiia  cuuibined  in  a  single  formula  for  Q,  which  equated  to 
2JJ/IH  eiiiibled  It  to  be  culculated. 

The  periods  T,  T,  uf  a  needle  vibrated  at  the  galTsnoiuelei 
and  inductor  respectively  were  observed  and  llie  ratio  r'/f 
t-avo  tho  vulue  of  II'IH  lequircd  us  s!io*.i  in  (8).     These  ucre 


'  METHuD  OF  EARTH-INDUCTOR 

llie  distance  of  ibc  Bcule  from  the  mirror  wna  lirst  measured 
by  means  of  u  eleel  tape  on  wliicli  were  sliding  picce.t  furtiiblied 
with  puinbt,  wliicb  were  brouglit  against  ttie  iiiiiror  and  scale 
respectively  ;  tlien,  by  means  of  no  auxiliary  scale  ulaced  lioii- 
zuntnlty  in  the  vertical  ptune  tlirougb  tbeceDlresof  ttie  leleei:upe 
and  mirror,  an  which  the  corresponding  positions  of  llie  mirrur 
and  reading  scale  were  observed  by  means  of  a  catlietometer. 

ExperiinenlE  were  made  lirst  with  Weber  and  Zollner's  coils  in 
tijB  state  ill  which  they  were  left  hy  these  experimenters  ;  then 
with  the  same  coils  rewound,  and  the  number  of  turns  Increased 
from  792  to  SM^l. 

The  experiments  were  then  repeated  with  10  mercury  (Siemens) 
units  included  with  the  coil-t  in  the  circuit. 

Different  series  were  made  with  the  sliding  weights  on  the 
needle  at  distances  2  oma.,  1'5  cm.,  1  cm.,  D,  from  the  end  of  [iie 
bar,   BO  that  the  periods  were  altered    through  a   eoiisideiahle 

l^ie  resistance  of  the  Siemens'  units  was  coiiipared  with  a  H 
niandard  resietuuce  of  pure  inercury,  couaistiiig  of  a  tiieicury 
i.'ohimii  cuntuiDed  in  a  carefully  cutibraled  tube  lOfi'398  cms. 
long,  the  cads  of  whtuh  communicated  with  electrodes  made  of 
umalgumated  copper-foil  Immersed  in  inercury  in  two  vessels 
terminating  the  tube.  It  was  found  as  a  linal  mean  result  that 
1  ohm  or  IC  C.O.S.  units  of  resistance  is  equal  to  the  resistance 
at  0'  of  a  column  of  mercury  106'lii2  uius.  long  and  1  sq.  mm. 

This  method  has  aleo  been  used  by  Maacart,  De  Nerville,  and 
tisnoit,  in  a  very  elnborate  series  of  experiments.  Five  coils 
were  used,  two  of  27  cms.  internal  and  30  cms.  external  diameter, 
and  3  cms.  length,  and  three  emaller  culls  each  of  14  umB.  in- 
lemal  and  17  cms.  externa]  diameter,  nnd  tho  same  length  as  '^ 
before.  These  were  wound  with  siik-cuveced  wire  'G  mm.  in 
diameter.  One  of  the  large  coils  and  two  of  the  small  ones 
w«ro  wound  with  separate  layers,  so  thai,  by  joining  tliese  layei  s 
up  differently,  nine  difl'eient  nriuiigements  could  be  obluiiied. 
The  winding  waa  performed  with  tiie  wire  under  tension  pro- 
duced by  psssing  it  over  loaded  rollers  when  on  its  way  from 
the  reel  tu  the  bobbin.  The  length  of  the  wire  was  nieasiirod  us 
it  was  laid  on,  and  the  diameter  of  every  turn  waa  also  observed 
by  means  of  callipers. 

Both  the  smaller  and  larger  coils  w< 
pletion  on  stnnda  with  suitable  atops  s 
turned  when  required  through  an  angle  of  e. 
set  lip  with  their  sses  horizontal  and  in  the  mu^netic  n 

At  tb»  centre  of  the  Urger  coil  when  in  position  was  placed  a 


B  mounted  after  com- 
as to  admit  of  being 
actly  180°,  and  were  ■* 


lent  of 

Vieie- 

:xp«ii^ 
■lents  ^ 
of  ■ 

NtrvilU, 

Itnoit, 

rniiga<^ 


ABSOLUTE  UEASUKEMENT  OF  RK31STAKCB 

BinuU  magnetometer  iieeille  Buspeiided  by  n  singlo  fibre  o 
liy  turning  the  roil  round  a  verlicnl  axle  tlirouKb  90°  froiuU 
position  wlieu  arrang-ed  for  inductive  use,  and  tiling  it  in  its 
new  position,  il  could  be  Ufed  nu  a  galvanometer  bobbin,  and 
itH  galvanometer  conatant  compared  with  that  of  tlje  galvano- 
meter bobbin  itaelf.  Hj  llua  pruceBH,  previunalj'  used  b; 
Rowland,  the  ratio  of  tiie  horizontal  mngnelic  forcee,  H'Iff,  »i 
the  inductor  and  the  galvanometer  was  elinjinated  from  Ibf 
formula  of  calculation.  For  Huppoae  the  aaine  current  to  Iw 
aent  through  the  two  coils,  and  a,  a,  lo  be  the  deflectiona  Eoi 
the  gidvunomeler  and  the  inductor  reapeclively,  0,  6",  lli* 
M  of  the  two  coils,  we  imve,  as  at  p.  548, 

G' tano 


This  Bubalituted  in  (8)  gives 


n^e 


(9) 


Approii- 
Eliuiina- 


Evalua- 

Pioduct  of 
ConatantB 
of  CoiL 


[Full  details  of  the  mode  of  comparing  two  galvanometer 
conatanta  are  given  iit  pp.  405,  406  above.] 

This  proceeding  iiait  the  advnntaEe  (already  pointed  out 
p.  £46)  that  since  the  ratio  of  tan  o/sin  {8  appears  m  the  value 
of  S  tlie  importani^e  of  an  exact  determiualion  of  the  distancx 
of  the  galvanometer  acale  from  the  mirror  was  greatly  Uaaened. 
The  value  however  of  tan  a'  had  to  be  accurately  known,  and 
involved  careful  measurement  of  the  corresponding  distance  for 
(he  other  suale. 

From  the  mcaaured  length  of  the  wire  the  value  of  G'J  whicli 
appears  in  (9)  could  be  approximated  to.  Fur  a  being  the  mean 
rnJiua  of  the  coil,  and  »  the  nmiibor  of  turns  J  =  una*,  niiil 
G'  =•  innja,  nearly,  so  that  G'A  =  2ii'ii''a  —  nvl  where  I  is  ili. 
length  of  the  wire.  Tiie  quantities  therefore  which  requiri.^ 
accurate  determination  were  I,  T,  and  the  distance  of  tlia  si- 1! 
from  the  mirror  of  the  magnetometer  in  the  induction  coil,  Tl:. 
latter  was  found  by  means  of  a  graduated  measuring  lu 
carrying  slidiiig  pieces,  which  were  run  up  to  the  fibre  and  sen  ' 
respectively.  The  posirions  of  the  contact  faces  of  theaa  piuLi 
were  rend  off  from  the  scale  and  gave  the  distance  required. 

Observations  were  made  by  first  reading  olT  two  siicceRsivi 
elongations  of  the  needle  when  it  hnd  nearly  come  to  rest,  aii<l 
then  turning  the  inductor  when  the  needle  was  passing  Ihroupli 
zero,  and  reading  the  following  elongations  on  the  s^me  aide  of 


"  METHOD  OF  EARTH-ISDUCTOK 

If  r,  r",  be  the  two  readings  on  tlie  scale  (sapposcd  sraduated 
from  one  end),  llie  zero  reading  is  {r'  +  r)/2.  If  the  neit  two 
readings  be  r,,  r,  tlio  fimt  deflection  from  zero  is  r,  -  (/  +  r)/2, 
Tiic  next  reading  being  r,  tlie  diminution  in  one  swing  due  to 
lijiraping  is  (r,  -  r,)/2.  Tbe  diminution  (if  llie  first  elongation 
must  have  been  approiimalely  J  of  litis  or  {/■,  -  r^/i.  Tbis 
correction  applied  to  ilie  first  elongation  gives  for  tlie  deflection 
-"i  -  (''  +  '■)/2  +  {^  -  '■,)/4.  There  remains  the  correction  for  the 
initial  moiion  which  {r'  being  taken  as  the  greater  reading) 
would  have  oiirried  the  needle  througli  u  deflection  of  ±  (/  -  r)/2, 
••^cording  as  the  initial  motion  was  with  or  ngainst  liie  induc- 
tion throw.     Thus  the  deflection  waa 


The  readings  it  was  found  did   not  vary  more  than   J   per 

The  torsion  of  the  sufipension  fibre  of  the  ballistic  galvano- 
meter wuH  eliminnted,  aa  approximately  it  multiplied  tiin  a  and 
sin  i$  in  (t))  by  a  common  fu^tor.  That  of  tlie  sui^penaion  libre 
iif  the  inductor  waa  determined  as  described  above  (p.  364)  by 
turning  the  upper  end  of  the  fibre  round  through  3G0^. 

Kxperrnienta  were  made  with  the  t^rious  coils  arranged  in 
different  ways;  and  their  effective  areas  were  also  compared  by 
observing  the  effects  which  they  produced  on  tlie  gulvanumeler 
needle  when  turned  in  the  earth's  field. 

The  absolute  resistance  of  tlie  circuit  in  the  variona  experi- 
ments having  been  obtained  it  was  compared  by  Curey  Foster's 
method  with  fonr  B  A,  units,  with  four  Siemens'  mercury  unite, 
and  with  six  specially  constructed  mercury  units  in  spiral  tubes. 
Careful  comparisona  of  the  temperature  coefficients  uf  the  dif- 
ferent coils  were  made,  and  all  the  resistances  corrected  to  the 
temperature  of  experiment.  The  results  were  expressed  finally 
us  tlie  absolute  resistance  of  four  mercury  standards  made  uf 
carefully  calibrated  tubes  filled  with  mercury.  These  tubes 
were  terminated  bj'  wide  electrodes  of  mercury,  and  an  allow- 
ance of  a  length  of  the  tube  equal  to  '82  of  its  diacrieter  was 
made  to  correct  for  the  additional  resistance  due  to  the  abrupt 
ch'inge  of  section  of  the  tube  at  each  end.  The  final  result 
obtained  was 

1  ohm  =  1-0142  B.A.  unit, 


i 

ion  of 
■si  on  of^ 


■  SOLDTE  MEASUREMEKT  OF  RESISTAHCK 

'"■eber's  second  method  consists  in  oscillnting  a  magnet  « 
ied  witliio  a  coil,  when  (h»  circuit  ia  open,  and  again  n'li 

. circuit  is  closed,  and  observing  ll.e  period  and  logaritlimic 

decrement  in  both  cases.  The  induced  currents  assist  tLe 
dampins  in  the  second  case,  and  bence  from  a  comparison  of 
the  resullB  tbe  resistance  of  Ine  coil  can  bo  calculated. 

'       Wbon   iJie  circi"'   '- "■"  equation   of   motion   of  Ik 

swinging  needle  is 


d^ 


MU. 


(10) 


where  M  ia  the  magnetic  n 
tensity,  and  fi  tbe  inomenl 
H*  for  MUlix  we  get  for  the  t 


t,  H  the  horizontal  field  in- 
-tia  of  the  magnet  Putting 
Q  of  the  equation 


.^  =  ./.-*'cos(-a;'- w  +  0  .  .  ■  ■  OD 

Here  it  =  2X/7'  if  X  be  the  logHrithmic  decrement  and  T  the 
observed  period  ( =  inHu^  —  t'). 

Theory  of  jf  now  tlie  circuit  be  parallel  to  the  meridian  and  bo  closed. 
Method  by  ^1,^  magnet  will  be  acted  on  bj  tbe  induced  current  produced  by 

Dami'ing.  j(g  ,„otion.  The  magnetic  induction  through  the  coil  due  to  the 
needle  is  IfG  sin  0  approximately,  where  G  ia  the  principal 
galvanometer  constant  of  the  coil.  For  let  a  current  y  flow  in 
the  coil,  then  the  mutual  energy  of  the  coil  and  magnet  is  equal 
to  the  product  of  tbe  magnetic  induction  of  tbe  mngnet  through 
tbe  coil  and  the  current.  But  when  ^  =  0  this  energy  ia 
obviously  zero  and  the  work  done  against  the  current  in 
deflecting  tbe  magnet  through  tlie  angle  ip  is  MGy  sin  ip,  and 
tbe  magnetic  induction  through  tlie  circuit  ie  MG  aitup. 
Supposing  then  tbe  magnet  swinging  through  n  small  range 
there  will  be  a  force  exerted  on  the  miignet  by  the  current  of 
amount  MGy.     Hence  the  equation  of  motion  of  the  magnet  is 


d^ 


+  2i'5?  +  «-* 


MG 


(12) 


But  we  have  also  for  tbe  electromotive  force  in  the  circuit 
-  MGdipldl  and  if  i  be  tbe  self- inductance  of  the  coil 


l  +  My  +  Ma-J.O. 


METHOD  OF  DAMPING 


bo  i 


Operating  on  c-ination  (12)  by  Z'//V/^  -|-  ^^j  ^^rid  on  (13)  by 
J/6r//i,  and  adding,  we  eliminate  y,  and  find 

If  we  suppose  that  the  motion  is  simple  harmonic  with 
diminishing  range,  and  put  X',  T\  for  the  logarithmic  decrement 
and  period  we  may  write  conveniently  for  our  present  purpose 

where  •  =  -/^,  /f  =  2X7^,  a  =  jJir/T".     Thus  we  find 


and  (14)  becomes 

{-{k'  +  ia)L  +  I£i  {if«-.o«  +  2Wa-2Jk{k'  +  ia)  +  n*} 

-.^^(k'  +  ia)^0.     (15) 

The  real  and  imaginary  parts  of  this  equation  must  vanish 
separately,  and  therefore  picking  out  the  imaginary  terms 
equating  them  to  zero,  and  solving  for  R  we  obtain 


R 


2fji{k'  -  k) 


+  iifSJk'  -  k  + 


„2  -  y&2  -  a» 


)     .     (16) 


A  controlling  equation  is  obtained  in  like  manner  from  the 
real  terms  in  (15\ 

This  method  has  been  used  by  W.  Weber  himself,  and  with 
modifications  by  H.  F.  Weber,  Dorn,  Wild,  and  F.  Kohlrausch. 
It  is  against  the  method  that  i/*,  (?*,  enter  to  the  second  power, 
inasmuch  as  the  very  exact  determination  of  either  quantity  is 
a  matter  of  some  difficulty.  The  value  of  fi  also  involves  the 
square  of  the  dimensions  of  the  magnet. 

The  modification  of  the  method  used  by  Kohlrausch  amounted 
to  a  combination  of  the  fir!«t  and  second  methods  of  Weber,  in 
which  he  eliminated  the  constant  of  the  galvanometer  with 
which  the  earth-inductor  was  connected  by  determining  the 
logarithmic  decrement  of  the  motion  of  the  needle  first  when 
the  circuit  of  the  galvanometer  was  open,  and  again  when  it 
was  closed.     Calling  these  decrements  Xq,  X,  and  putting  a,  /3, 
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ABSOLUTE  MEASOREMENT  OF  BES18TAKCE 

for  the  &rcB  of  vibration  in  tlie  method  of  recoil  (wliieh  i 
□M<1)  Tg  the  period  of  the  needle  wLen  the  Hrcuit  vag  open, 
mny  write  Kohlrauach's  formula  in  the  approiimale  form 


t"^  (n'  +  W 

Kohl-  This  fortniila  incIudeB  several  qannlitieH  wliich  are  difficult 

TFiiiacb's    observe  with  sociiracy,  but  its  chief  defect  liea  in  the  fact  iji 

Besnlt.     jt  involvus  the  fourth  power  of  the  radius  of  the  iudncU 

Kohlratiach's  linal  result,  corrected  for  na  error  in  the  data  a» 

io  faisarigiDfd  cttlculnlions,  ia 

1  B.A.  unit  =  990  x  1C»  C.G.S. 

tiBthod  of  Another  method  of  this  class  suggeeted  by  S 
Coil.  William  Thomson  to  the  Committee  of  the  Britigl 
Association  seems  also  to  have  been  first  proposed  b] 
Weber.  It  consists  in  spinning  with  uniform  velocitj 
about  a  vertical  axis,  a  circular  coil  at  the  centre  a 
which  is  suspended  a  small  magnetic  needle,  i 
periodic  current  is  thus  made  to  flow  in  the  coil  in  odi 
direction  (relatively  to  the  coil)  in  one  half-turn  fronl 
a  position  at  right  angles  to  the  magnetic  meridian 
and  in  the  opposite  direction  in  the  next  half-turB 
But  the  position  of  the  coil  being  reversed  in  even 
half-turn  as  well  as  the  current  in  it,  the  current  6owt 
on  the  whole  in  the  same  average  direction  relatively 
to  the  needle  and  (apart  from  self-induction)  haa  i 
maximum  value  always  when  the  plane  of  the  coil  i 
in  the  magnetic  meridian. 

This  method  was  used  by  tho  British  Asaociatioi 
Committee  in  theic  famous  experiments,  carried  oa 
principally  by  Clerk  Maxwell,  Balfour  Stewart, 
leming  Jenkia  in  1863.     Its  theory  wm  first  fullj 


METHOD  OF  KEVOLVING  COIL 

Wen  by  Maxwell,  and  the  following  statement  Miows 
k  the  whole  his  notation  and  method. 

■ir  X  be  the  setf-iniluclance.  y  the  current  at  nny  time  I,  llie 

Tctro-kinetic  energy  of  llie  circuit  due  to  ita  own  induction  is 

ly*.     Agnin  i£  M  be  (he  magnelie  moment  of  the  needle,  and 

\  the  galvanometer  conslant  of  ihe  coil,  that  is,  the  magnetic 

'le  centre  which  unit  current  in  the  noil  would  produce, 

»  maguelic  force  at  the  needle  duo  lo  the  current  y  is  Gy.     If 

6  be  the  nngle  which  the  axis  of  the  needle  mukes  with  the 

.goetic  meridian,  nnd  6  the  angle  which  the  coil  makes  with 

)  same  plane,  the  direction  of  the  magnetic  force  due  to  the 

pil    and   the   axis   of   the    needle   are    Inclined    at   an    angle 

-  {6  —  <l>).     Thus  tiie  mutual    energy  of   the   needle   and 

^rrent   is   numerically    Kf?^  ain  {6  -  0).     Thia   :f    taken   aH 

intial  energy  must  be  written  with  the  positive  sign,  and  if 

;n  M  kinetic  energy  with  the  negative  sign  prefixed  lo  give 

B  corresponding  force.     For  the  magnet  is  deflected  in  the 

BCtion  of  ratntion,  and  hence,  i!  6  >  <b  sny,   the   magnetic 

I  on  the  needle  due  lo  the  coil  must  be  in  the  direction  lo 

■.hae  ip,  tlint  is  to  dimlniEh  6  -  <ti.     Hence  MOy  ein  (d  -  ^) 

H  to  diminution  b^  the  action  of  the  mutual  forces.     We 

all  reckon  it  as  kinetic  energy  of  amount  —  HGy  ain  {0  ~  <j>). 

I  Again  if  (he  effective  area  of  the  coil  be  J,  there  in  iniituul 

ketgy  between  it  and  the  Buld  of  numerical  amount  JHyeiuS. 

Riis  may  be  taken  as  kinetic  energy  of  amount  -  AHy  ein  6. 

Uso  (be  magnet  ia  deflected  in  the  tield,  and  therefore  between 

^and  the  66l<J  there  is  mutual  energy  MH  cob  i^  wlien  reckoned 

!  Lactly  if  vf  be  the  moment  of  inertia  of  the  needle  about 

ke  axis  of  suapenaion  it  line  kinetic  energy  ioiF^-. 

F  Collecting  these  terms  we  get  for  tlie  total  kinetic  energy 


Revolvi; 


r  =  iV  -  ^ffy  ein  6-  SfGy  ain  {6-<p)  +  MH  cob  * 

H-M"*' (17) 

Besides  this  tliera  is  potential  energy  V,  due  to  the  torsion 
of  the  ^bre,  depending  on  the  angle  llirougb  which  (he  needle 
bus  been  turned  from  the  poailion  of  no  torsion.  If  a  be 
the  angle  which  the  needle  makes  with  the  meridian  when  the 
torsion  is  ttito,  the  angle  through  which  the  fibre  has  been 
turned  is  ^  -  o.     Denoting  by  MBt  the  torsional  couple  which 
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:   (      .V//r<^-a)<^<- iJrffr(^- a)*    .    .   M 


rf/»7         By 

'«  F  is  ;>;«  diffipauun  fuuction.    Thii  gires  by  (17) 


in[-&rUoii  with  tlie  p«ri<Kl  of  roUtiun  of  iLe 
•if  p^rii'd  eqiisl  to  half  that  of  rotstion.     So  far  u  tba 
:!'''ncrtT.Fd,  we  mty  take  llie  magnet   aB  at  real  i> 

"   and  for  Ihu  W. 
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A  tenn,  ^esp.  (-UtiL),  w  requited  to  complete  the  solution, 
but  lliie  dies  uut  soon  after  the  starting  of  the  coil,  and  has  no 
■■ffei't  provided  the  rotation  is  uniform.  The  current  tlierefore 
■11  the  Biipposition  mjide  is  given  by  (22). 

Ttie  espression  for  the  kinetic  and  potential  energies  gives  for 

!■■  eiiintlon  of  motion  of  the  mugnot 

'/t  B(t>    a*  "^  a^  " 

or  .■iit-^-Mt7yco&(e-'P)  +  .MIJeia<j,-i-.y//T[ii>-,.)  =  0  CiS) 
This  eijiiation  may  he  obtuioed  iilso  by  coowderiog  Ihat  the 
needle  is  ncted  on  by  three  couples,  one  due  to  the  current 
lending  to  produce  further  deflection,  the  second  &  return  couple 
due  to  the  earth's  magnetic  Held,  and  the  third  also  u  retitra 
t-ouple  due  to  the  tornion  of  the  fibre.  The  nuuierical  values  of 
those  nre  from  the  notation  already  eiplnined,  3IOy  cob  16  -  ip), 
.(///sin  <l>,  M7M<P -  c).     Hence  the  total  deflecting  couple  is 

MGy  cos  (e-ip)-  MB  ;ain  8'+  t{<^  -  o)! 
nnd   this  is  equal  to  the  rate  of  increase  ak-iit  of  nngiilnr 


rkituition 

of  Hdtion 

.)f  Mngnet. 


The  needle  is  found  to  tiike  up  a  nearly  constant  poaition  if 
the  rotation  of  the  coil  in  kept  uniform,  and  in  thii  case  4>  may 
be  taken  as  very  nearly  aero.  Thus  we  have,  integrating  over 
iioy  finite  interval  of  time,  j  ipdt  =  0.      The  mcnn   resiilliint 

deflecting  couple  applied  by  the  current  must  tliereforc  he  eijunl 
to  the  return  couple  Mil  jsin  0  +  r(i^  ~  □)[  due  to  the  combined 
action  of  the  iniignetio  field  nnd  torsion.  Thi«  average  couple 
is  obtained  from  .UGy  cos  {0  -  ip)  by  inserting  the  value  of  y 
given  by  (22)  and  integrating  each  temi  over  a  whole  turn  on 
the  supposition  that<^  is  a  constant,  and  dividing  the  result  by 
j   2iT.     The  following  integrnle  enter  into  the  expiesaion 


•H(e~fp)de  =  4cus< 


2-)-ln(«-*)o,..(«-*)V«.0, 


i 


MS 
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ijaidntic      Tlierefore  the  iiverage  couple  t« 

EqtWtioO 

for  Rcsiat-  _  yi;  __ 

Coil-                 ^  +  "^ 
r'nmnt.  =  J/tf  (md  ^  +  r^] 9 

for  ei|uilibriuni,  if  a  =  0.    Since  r  u  verj:  Bmkll  iir«  mif  vril 
r  BID  ^  for  T^,  and  ve  get 


II  ill  tlie  form 
IT-  -  aR  -  I,  =  0 


tlie  eiiluLion  of  ivliicli  m 


^^^^"         METHOD  OF  KEVOLVISU   COIL 

•-  x.aiaiDetI  L-y  Lord  Unyleigli  in  pftjiera  on  this  tiietliod  *  aud  ti> 
Ilia  " CoiiipariBon  of  Methods  for  the  Detenni nation  nf  KiiBiBt- 
•  ncegin  Absolute  Meaaiice."  + 

As  regurds  the  meaBureineiit  of  dimeDeions  of  the  nppiiri)tii«, 
'  f  is  (o  bo  noticed  that  the  method  involves  only  one  funda- 
""JaUi  linear  quantity  a,  and  thnt  only  to  the  first  |iower.  The 
'■'■aervnlion  of  the  defection  corresponding  to  tp  nnd  Iho 
erai^ution  of  cot  <ft  involve  no  grenter  difticulty  than  those 
•nvolved  in  ordinary  tmRuUr  inoftsiirenient,  and  in  this  respecl 
}oQ  tiioth"d  is  on  n  par  wilh  Weber's  method  by  earth  inductor. 
'le  main  dillieiilties  lie  in  the  detetminntion  of  «  nnd  the 
••■O  i.liince  of  mechanical  disHirbsnce,  nnd  of  error  due  to  cur- 
'■*'>ta  in  [he  rini-  and  ftlterations  in  the  magnetization  of  the 
"eedle. 

1 1  will  be  seen  below  that,  by  tlie  employment  of  what  Jiiay 
^    called  the  stroboticopic  method  of  obserratioii.  Lord  Kayleigh, 
*Jl*'5  repcatc^d  the  deterniination  with  the  same  upparalus,  was     1 
^^t«i  to  control  and  measure  the  speed  with  great  eiuctuess.     A      ■ 

^■tectioD  is  easily  made  for  the  currents  induced  in  tlie  coil  in 
***OwHuengo  of  its  motion  in  the  field  of  the  needle,  in  fact  a 
^^all  (urm  appears  in  the  result  above  [JfG  sec  <ji/jH  in  (24)], 
*J>'  nienna  of  which  this  correction  is  made.  This  involves  the 
■^^tenninution  of  MGIAH,  but,  as- will  be  seen  below,  about  this 
^■'(ere  is  no  difBenlly  whatever. 

The  currents  produced  in  the  metal  ring  can  bo  allowed  for  ^* 
^y  rotating  the  coil  (1}  with  the  wire  circuit  open,  (2)  wilh  that 
Qircnit  closed.  Fnrther,  these  currents  can  be  reduced  by 
diriding  the  ring  into  two  parts  along  a  diameter  and  putting 
tjiem  together  with  ebonite  separating  pieces.  The  currents  are 
Uien  confined  to  circuits  wliicli  are  on  the  whole  at  rigiit  angles 
ti)  the  plane  of  the  coil,  nnd  their  effect  can  easily  be  eliminated 
by  the  method  just  stated.  The  existence  of  these  currents  in 
the  ring  has  one  advantage  pointed  out  by  Lord  Rayleigh, 
tlint  by  rotating  the  eoil  before  winding,  and  again  with  the 
wire  circuit  open  after  winding,  the  insulation  can  he  teste^l. 
For  if  any  difference  is  found  between  the  deflections  of  the 

(needle  it  must  he  due  to  leakage. 
The   method   has  been   objected   to   on    the   ground   of   the 
infiuencu  of  self-induction  in  the  result,  that  is  on  account  of 
the  terms  in  (25)   which  involve  L.     Now   the   value   of  the 

*  Loid  Kayleigh  and  Arthur  Schuster,  "On  the  Determtnatioii  of 
the  Ohm."  PnK.  R.S.  No.  213,  1881.  Lord  Enylcigh,  Pkil.  Tram. 
E.S.  Pan  ii.  1882. 

t  Pfai.  Mag.  Nov.  1882. 
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coefBcient  (U,  any)  nf  lan'0  in  (35),  and  iberefore  of  Un'^.dL, 
may  be  calcuUted  witli  considerable  accurncy  fruiij  tbedimer- 
sioHS  and   arrangement  of  Ilie  rotating  cuil,  and   any  want  at  1 
exact  knowledge  of  the  value  of  U  can  be  eliwiiiated  byuai^| 
different  apeedii  of  rotation.  I 

ri-  In  comparing  Weber's  method  by  earth  ioductor  willi  llit  | 
f  present  method,  it  is  to  be  noticed  that  at  half  tlic  lou'eet  »]>«(4 
used  by  Lord  Rayleigh  llie  aeneitiveness  of  the  foruier  loeOiC"! 
■"'  would  be  considerably  less  than  that  of  the  latter,  and  tlie  mr- 
.       reotion  for  self-induction,  known   with  fiiir  accuracy,  would  (- 

"  only  ahoiit  i  per  cent. 

Ij         The  effect  of  self-induction  conld  he  diminiehed,  as  poinr.J 

of    out  by  Lord  Rnyleigh,  by  duplicating  the  revolving  coil  bj  li-i 

addition  of  a  second  coil  nt  right  angles  to  the  other  and  gitiis; 

on.  alt  independent  circuit.     Thus  Uie  seneitiveoess  of  the  anaogi- 

ment  would   bo  increased  without  entailing   an  increiised  tor- 

rection   for   self-induction   such  as   wonld  be  necesaary  if  t^e 

increase  of  deflection  were  produced  by  rtinning  the  coil  U  « 

higher  speed.     The  two  circuits  in  this  omxi'geuient  also  wouU 

be  conjugate,  that  ia  the  currents  in  one  would  he  unaffected  bj 

llioso  in  the  other,  and  would  give  a  more  nearly  constant  fitW 

of  magnetic  force. 

V  give  some  account  of  Inter  deterniinaliotia  by  I  hi- 


value  of  .!  «»«  enlculated  by  tlie  ffrraulu  ] 

J  =  ^«fl'(l+J^j (27) 

a  (leniites  the  mean  radiui*,  id  llie  rndiiil  diiiiensiun  of  the 
1,  and  a  tbo  total  number  of  tarm.     This  form  iila  may  be 
^ed  thus.     Since  the  number  of  Inyerg  in  each  co  11  was  19 

li'-lt"     1-.)  +1"     12I  +     ■   -H"+  ,2))  £i5 


%-alue  of  tlie  g-nlviiuoinetLTConslant  G  wis  talculHted  by 
HQation  eijuivaleot  to  that  obtained  from  (9),  {i,  21?  above, 
;  tbe  first  term  'iirya^jt^,  putting  y  =  1,  iiiultiplyitu!  by 
IjBtituting  for  a'j4,  on  itccotint  of  the  axial  breadlb  2i 
I  radial  depth  2ii,  of  the  sections  tite  value  gircn  in  (20), 
167,  that  is  from 


.'  -  2wn  / - 


i  of   I 


Calcola 

tionoJ 
fralvaaj 


-  I  1.^,.=  +  i!,.')J     ,      (2H) 
of   either  coi!    from   the 


iiipensiou  fibre. 

'1  he  value  of  GA  obtained  after  applying  all  corrections,  and 
iivliidingin  it  allowances  for  non-vertical  it  v  of  tbe  axis  and  for 
orBion  of  the  fibre,  was  29887600. 

The  value  of  L  was  found  hy  calculating  tlie  inductance  for  a 
oil  of  mean  rudius  a  and  rectangular  cross-section  of  which 
he  length  of  dingonal  was  r.  Tliia  wne  found  from  the 
■'..niiiiln  1 


log* 

+  ^\-ue 

!-)■■ 

viae 

^  Jncoae 

t  -IS 

-  Jcot^fllogc 

s5- 

Uan 

^5  log  sin 

e\     .     (29) 

n. 

he  formula  (119'),  p 
geometric  mean  di 

308. 

with  the  value  of  the 
of  the  cross-section 
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bam  HmM,  girta  bjr  (lU)  p.  302,  pui  f.T  log  Jt  The  dinien- 
aiuH  •!  the  ootl  nwd  «en  thow  giTea  by  Um  B.A.  CooimitKe, 
TB.  a  =>  IS-nM  cnn^  nad  lin«Jili  of  ewii  coil  1-641  cm.,  radial 
deptfc  l-«M  cm.,  BMl<tWt»ccafia 


The 

together  ibe  mV- 

twicc  ibe  BMina]  iBdoFtann 

tbe  •«lf-iQiluctaBcc«,  m 
elvclrokioetic  cnergv  oi  • 
if  £  be  lli«  setf-indactance 
nutioa  given  by  (%9)    L« 
WI92000  emu,  and  for  SJr 
Saite  ni«  of  Um 


n  plane*  afian  3-851  r 

Cor  Ine  doable  rail  l>j  adding 

of  tbe  eoih  taJiC'D  Beparalcl;,  uvi 

a'  Ibe  two  mile.     For  if  £j,  Z.  be 

inatBal  iDductanre.  )be  wbole 


rhole  •jftriD. 

ajleigli  found  for  Z,  +  £, 
lOIWcBls.  CoTTectiousforthe 
I  (ance  Ibe  introduction  of  tbc 
e  on  tbe  tnppaaition  that  Uie 
call  maj  be  regarded  ■■*  ■!»■  bt)  Itac  cnrrstitre  were  made. 
Tbe  Ulter  can  be  calculated  b>  the  neriea  (1S6),  p.  13i,  or  \rj 
the  elliptic  inlegnil  fonnuta  hy  ilividing  the  coil  up  into  cod- 
centiic  circular  filaments,  and  iDt^grating  over  tbe  crosB-secl ion. 
Lord  Bayl^igti  fuaad  that  for  a  single  coil  of  circular  ciose- 
section  of  radium  p  the  ralDe  of  Z  ia  given  by  tbe  equation 


I       p       i       Ba'v       p 


(30) 


BO  that  the  eorreclion  for  curvature  intieasea  I.  The 
term  for  curvature  in  ibe  coae  of  a  coil  of  the  tame  meiin  radiui 
a  and  square  crO"»'^ction  of  the  esnie  area  is  very  nearly  the 
same  bb  in  Ibis  fonnula.  It  is  thus  on  addition  to  tbe  apiiioii- 
mate  value  given  by  the  equalion  (29)  above.  The  corrections 
in  I.,  and  Z,  were  each  11950  cme..  Bnd  the  correction  on  2X 
316900  cmfl.,  so  that  liiiulty 

£  =  45141800  cms. 

The  value  of  23f  found  by  the  formula  of  quadratures  givsn 

on  [>.  403,  from  the  value  given  by  the  elliptic  integral  forninli 

for  two  circief,  was  14939J0O  cms.,  apreeing  very  closely  with 

the   value   14928900   cni«.  (M£82000  +   346900)   cuiB,   already 

obtained. 

Exp«ri-         Au  experimental  determination  of  /,  waa  made  hy  the  mellioii 

inenlAl      described  above,  and   gave  46000000  cma.  on  the  suppoBilion 

Deter-      that  the  B.A.  unit  was-  1   per  cent,  less   thnii  the  ohm.     The 

minntioii    valne  given  hy  Maxwell*  uncorrected  for  cur\-iiture  is  43744OO0, 

«i™*'  •  ■■Oun  Dvuftinical    Theory  of  the  EUutroniHgnelii!   Field,"  Pi.l. 

Tiv.,!.,  /,'..s'.,  Vril.  L'LV.  IIBUI),  mid  Reprint  of  Tapers,  Vol- 1,  p.  696. 


METHOD  OF  BEVOLTmo  00!L 

nod  tlie  iillowance  fur  curvature,  T34fi00  erne.,  is  eublracted 
from  tDBtead  of  added  to  tliis  value,  giving  finnll;  witb  a 
correction  for  the  finite  diameters  of  the  wirea  nnd  varifltion 
uf  the  current  over  tlie  crosH-section  L  =  43016500  cms.  It 
is  snggeated  by  Lord  R^ylei^h  that  the  discrepance  niny  be 
due  mainly  to  an  iaterdianjfe  of  tlie  brcadlli  and  deptli  of  the 
coils,  together  with  the  mistake  jost  noticed  as  to  tlic  correction 
for  corvnture. 

The  observations  incladed  (1)  the  resistance  of  the  experi- 
mental coil  as  compared  villi  n  stnitdard  coil  of  German  silver 
of  nearly  the  same  reaiatance,  viz.  4'6  ohms,  (2)  the  deflections 
produced  by  the  spitiniag  of  the  coil,  (3)  the  speed  of  rotation. 

The  compariaoD  of  resistances  was  made  by  a  balance  arrariged 
by  Mr.  J.  A.  Fleming,  in  which  Prof.  Carey  Foster's  method  (see 
Vol.  I.  p.  347}  of  interchanging  tlie  resistance  to  be  conipured 
with  the  standard  was  used  to  (rive  the  difference  between  the 
two  resiBtnnoes  in  terras  of  a  certnin  length  of  the  bridge  wire. 
Error  due  to  thermo-electric  currents  was  eliminated  by  making 
the  compariaan  with  the  battery  current  first  in  one  direction, 
then  in  the  other.  A  comparison  was  made  at  the  beginning 
and  end  of  each  set  of  spinnings. 

The  needle  consisted  of  four  magnetized  needles,  each  IS  onis.  S 
long,  mounted  on  four  jiarallel  edges  of  a  small  cube  of  cork,  to 
which  the  mirror  was  also  fixed.  This  arrangement  wns  adopted 
its  four  eijual,  tliin,  uniformly  magnetized  magnets  pkced  along 
the  pamllel  edges  of  a  cube  of  length  of  edge  l/v3  of  the 
length  of  the  magnet,  form  a  needle  the  action  of  which  ia  to  a 
high  degree  uf  approitimation  the  same  as  that  of  an  infinitely 
■mall  needle  at  the  centre  of  the  cube.  The  magnets  were  made 
■boat  2-3  limes  the  edge  of  the  cube  in  length  to  allow  for 
n  on -uniformity  of  nisgnetlzation. 

Tlie  needle  was  adjusted  in  position  by  raising  or  lowering 
^he  cube  until  it  was  midway  between  the  highest  and  lowest 
points  of  the  circular  frame,  nnd  then  adjusting  it  in  the  two 
other  directions,  by  attaching  n  pointer  to  the  frume  reaching  in 
nearly  to  the  centre,  then  tnrninglhe  pinna  round,  and  observing 
wlietber  the  pointer  occupied  (he  centre  of  (he  email  circle 
described  bv  llie  point. 

The  neeale  was  in  the  usual  manner  caused  to  deflect  another 
lioHxontally  suspended  needle  in  order  to  determine  the  ratio  n 
If,  H  of  the  magnetic  moment  to  the  horizontal  component  of  tlio  ' 
of.rth's  magnetic  Held.  At  a  distance  of  one  foot  the  suspended 
n>>edle  was  deflected  through  tan  -  1-0O029B,  and  henco  at  a 
•iTstance  eijual  to  the  mean  radius  of  the  coit,  15*85  cms.,  the 
deflection  of  the  needle  would  have  lieen  -0021  appronimittely, 
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r  if  r  deiKte  Ibe  R 


n  Txlios  of  tlie  cott,  i 


a  of  the  nrMle.  wc  hhre  bf  {l\,p  73  aborr,  ein-- e  th? Iplijd 


Tet««copc 


auil  ;ipproxiniat«lv  (;  =  2e-»'r,  kiid  ^  =  "irr',  wii«re  "  is  tin 
Dumber  of  turn«.  That  r^  =  idlO  and  Mu^  =  liM  H.\.  Tbsi 
«-»  osed  u  tlie  value  of  GSfJlTA  in  the  tetni  in  (24>  in  wIuiIl 
(li;il  qusniity  ocL'ure. 

Tlie  telescope  and  scale  (which  vras  atraight)  were  adjusted  in 
ttie  usutl  manner  {see  Vol.  I.  p.  216).  Tbc  distance  of  the  scili 
from  tlie  mirror  was  compared  with  the  scale  directlj,  so  ihi\ 
Ihr  absolute  length  of  a  ecate  division  did  not  enter  in  thp  r«aiilt 
The  following  were  the  nuuilierE 


Distance  of  scale  from  mirror 
Correclior    for  glass   plale  3-2  i 
thick   through 


^(■-i) 


DistaD 


i  (r^luced)  . 


252-28  n 


25217  cms. 


The  heights  of  the  centre  of  the  mirror  aiid  the  centre  of  tht 
ohjective  aliove  the  line  of  the  sole  divisions  were  measured  b) 
means  of  a  catbeto meter,  to  obtain  tlie  data  uet'csenr;  fur  finding 
the  inclination  of  the  mirror  to  the  horizontal.  For  this  a  cor- 
ie<.'tioa  was  applied  lo  the  readings. 

,  The  torsion  of  the  silk  fihre,  wliich  was  4  feet  long,  was  aUo 
estimated  by  turning  the  magnet  Uirough  5  complete  tur 
observing  the  deflection  of  the  niagnor.  It  was  found  t. 
magnet  was  shifted  5  6  divisions  per  turn,  or  through  ai 
of  -001107.  Oppoiile  tiiruiug  of  the  mngnet  gave  OOUlj 
thnl  the  correction  for  torsion  was  obtained  by  cnlcillaUl 
T  =  ■0011l/2n-,  and  using  for  A  the  value  .^.(1  +  r). 

,  A  correction  for  level  of  the  coil  was  niso  upplicd,  as  it  v 
found  tlist  the  upper  end  of  the  nxia  was  inclined  towuida  I 
north  by  An  nnglc  '0003  radian.  The  component  of  f 
right  nngles  lo  the  axis  wns  ihiM,  if  /  be  the  intenMt)'  o£  |L 
field,  and  B  llic  dip,  /cos  (/I  -  -0003)  =  //{I  +  -0008  tolll 


Nirly.     Tims  for  J  « 


H  used  finally  the 


,((1  +  -0003  11111  /))/(l  +  r 
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S^ 


spins  wero  titkon  in  Bets  of  four  at  each  speed,  Tlie  ooil  Mode  ol 
I  driren  by  &  long  cord  from  a  wnter  motor  nctiiig  by  tlie  Drisinj 
rpulse  of  water  uti  iiietul  cups.  To  insure  n  cotistant  prcssnr?  (^oU- 
b  motor  wfts  driven  by  water  from  a  small  cielern,  wliicb  gavp  ~ 

'lead  of  50  feet.  Tlie  rerulation  of  the  motor  was  effected  by 
Mi^'ing  tlint  the  work  done  by  tlie  motor  h  pro{>ortioniil  to 
t  difference  between  iJie  speed  of  tlie  jot  iind  tlint  of  the  oups, 
*I  to  the  speed  of  the  cupx.  For,  if  the  water  is  just  rednoed 
rest  the  moineiitum  of  unit  ihimi)  of  water  deatioyed  is  r,  the 
»e(l  of  the  jot,  and  the  iiwbh  of  water  received  per  unit  of  time 
[r  —  c,)  if  r,  be  the  Bj.ieed  of  the  oiips,  and  /i  the  area  of  the 
ThoB  the  rate  at  which  momentum  is  giveu  by  the  jet  to 
B  CTipa  is  av{v  —  1'^.  Tlie  rate  nt  which  the  motor  worke  is  Aotioqj 
wnfore  ar(r  -  i'i)i'i,  Time  at  zero  speed,  and  nt  the  speed  of  "  "^ 
t  jet  the  water  motor  does  no  work.  At  hi^lf  the  letter  speed 
~~~>r  does  work  nt  the  maximum  riite.  Thus  the  diagram 
ty  19  a  parabola  with  vertex  upwards  if  speeds  of  the 
lotor  be  taken  as  abscii^ae. 

ng  on  tills  diagram  the  curve  of  work  done  against  Posaibh 
pifltancea,  we  obtain  from  tbe  points  n(  intenectiun  of  the  two  UuifDnr 
"irves  tbe  possible  uiiifurin  speeds  of  running,  and  these  speeds  Speedii  o 
e  more  sharply  defined  the  more  nearly  the  ourvea  are  at  right  Diiviug 
"'  1.  Now  the  activity  spent  in  overcoming  resistance  lo  the 
ruuA  of  the  coil  is  a  function  of  the  speed  i\  of  the  form 
■,  +  5e,»  +  6V-i=  +  &c.  since  there  are  included  constant  or 
Ctional  resistances,  which  give  the  first  term,  resistances  such 
viscous  resistances  which  are  proportional  to  the  speed,  which 
re  rise  to  the  second  term,  and  resistances  which  vnry  as 
igber  powers  of  the  speed,  such  lu  resistance  due  to  nir  set  in 
motion  by  tbe  cups,  Ac. 

Tbe  curve  of  activity  againat  reaistimce  is  therefore  convex 
rlnwnward^  and  at  bign  speeds  in  tbe  experiments  tliere  is  no 
difficulty  in  obtaining  definite  enough  intersection,  but  at  low 
Bpeeda  this  is  not  the  case.  It  was  neceisary  therefore  at  low 
Hpeeds  of  the  coil  to  run  the  motor  fast,  and  use  a  reducing 
pulley  in  order  to  enable  the  curve  of  resistances  to  intersect  nl 
a  suitable  place. 

Tlie  speed  of  rotation  was  observed  by  the  strobuscopic  Obsetva 
tnethal,  in  which  a  card  marked  with  circles  of  alternately  black  tiou  o{ 
iind  white  spaces  (or  "  teeth  ")  is  viewed  through  narrow  elite  in  Speed. 
Ihiu  plates  of  metal  attached  in  the  plane  of  vibration  to  the 
prongs  of  a  tuning-fork.  The  slitti  ovtirhip  when  the  fork  is  at 
rest  CO  that  to  an  observer  looking  through  them  the  card  is 
visible  :  when  the  fork  is  in  vibration  vision  is  possible  through 
the  slits  twice  only  in  every  complete  vibration,  (See  Fig.  144], 


ABSOLUTE  HEASCREMENT  OF  RESISTAJTCB 

TT.e  fork  wns  electrically  niointaiDed,  oiitl  ha<]  a  Ereqneoc;  o1 
About  63}  (more  nenrly  63-69).  Tims  tlie  cnrd  could  be  kci 
I3T  times  >  second  through  the  hUIb.  Hence  if  a  circle  on  Ibt 
card  marked  with  alteriiale  black  and  white  teeth  passed  llM 
mean  positios  of  the  slits  n  number  of  times  a  eeconil  equ^  U 
twice  ihu  fpequeney  of  tlie  fork,  the  circle  ajipeared  to  be  s> 


h  five  circles  containing  60,3! 
aly,  to  enable  n  variety  of  sjwed 
nge  in  the  frequency  of  (he  foil 
I  of  the  vibratiDg  plates  tha  nn 
;h  complete  vibratioQ,  and  thiii 
1  for  tlie  lower  apeeds. 
vere  made  and  broken  with  I 
Hip  oOTored  with  pure  alcohol 
ediugly  well,  acd  went  for  boon 

;  attention.     A  comparison  w!U 

'tween  tlie  pitch  of  the  fork  and  Dm 


Observa- 

Ubanscs 
of  M-e- 


I 


Effect  of 
Air  Cur- 

Magnet 


The  card  was  f 
24,20,  16  black  U 
to  be  observed  wi; 
By  looking  over  otio  - 
could  be  seen  only 
tlie  60  teeth  circle  ci 

The   contncta    of   lu 
platinum  point  and  m^i 
!nin  arrangement  workei 
without  T«iiniring  the  biui 
■unde,  by  means  of  beats,  bi 
of  a  stcndard  fork. 

tt  was  found  that  tlie  speed  of  tlie  diek  could  be  regiilui^ 
by  the  observer  by  applying  slight  friction  to  the  drivinj 
cord,  when  the  teeth  showed  any  tendency  to  pass.  He  tli^ie 
fore  allowed  tbc  cord  to  run  liglitjy  through  his  fingers,  aiK 
after  a  little  practice  it  was  possible  so  perfectly  to  regulate  Ihi 
epe»i  that  a.  tooth  never  paEsed  the  pointer  except  p«rhqw  b] 
inadvertence,  when  he  Ht  once  brought  it  back  by  sligbtiy  re 
larding  tlie  cord.  The  passage  of  one  tooth  in  each  seconJ 
meant  of  course  only  n  variation  of  1  in  127  in  the  speed. 

la  the  course  of  the  Dbeervatione  note  was  taken  of  tbi 
elianges  of  magnetic  declination  by  means  of  an  auxiliit] 
magnetometer  set  up  near  enough  tlic  revolving  coil  la  b< 
practically  in  the  same  magnetic  field  with  it,  but  at  the  ssmi 
time  BO  far  awny  as  to  be  unaffected  by  the  induced  curresli 
produced  by  the  spinning.  The  ecale  was  read  by  means  of  i 
telescope,  and  ihe  distance  from  mirror  to  scale,  2^  metres,  wai 
the  same  ae  thiit  of  the  mirror  of  the  magnet  in  the  coil  from  iti 
scale,  su  tliitt  the  corrections  could  be  niiido  by  simple  com 
parison  of  reading  b. 

Some  trouble  was  caused  by  air  currents  in  the  box  containiii] 
Ihe  magnet ;  these  currents  caused  change  of  zero  during  a  se 
of  Biiiniiiiigs,  They  were  mainly  due  to  radiation  of  the  lanij 
and  gns  jets,  nnd  prtcautiune  wore  taken  to  diminish  the  eflet: 
by  covering  Ibe  mugnet  box  willi  gold-lenf  to  reflect  the  heat  a 
much  as  possible.  The  error  from  this  cause,  liuwever,  was  no 
greater  than  that  which  necessnrily  nlTccted  Ibe  delermi nation 
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f  the  meaD  radius  of  ttie  coil,  and  tlie  distance  uf  tlie 
torn  the  scaJe. 

ir  <t>  be  the  deflection  of  the 
■nd  D  the  distaoce  of  the  min 
at  tbc  zero  of  the  aculo  from  the 


rror,  d  tlie  observed  reading, 
from  llie  scale,  9  the  distance 
ntre,  llien,  approximately 


07^1 


ijfl 


'  eu* 


bis  formula  was  used  for  cnlculuting  tan  i^,  S  being  taken 

positive  wtiCT  in  the  same  direction  as  i/.    Irregularities  in  the 

ACBiIe  were  allowed  for,  and,  an  stated  nbnve,  a  correction  applied 

for  the  slight  non-horizonlality  of  the  normal  to  the  mirror. 

The  vertical  distunco  between  the  centre  of  the  objective  and 

:iii'  point  in  which  tlio  normal  intersected  the  scale  being  denoted 

■  p.  the  angle  between  ihe  normal  and  the  horizontal  bj  a,  the 

rrection  wna  dpalD,  which  nraonnted  to  rf  X  "OOOU. 

The  resistance  comparisons  generally  showed  a  rise  of  resist- 

iince   during  each  set  of  experiments.     This  was  corrected  for 

on  the  Bupposiiion  that  the  rise  of  temperature  was  nnifonii 

liuring  the  time  elapsing  between  two  successive  measurements 

□f  resistance.    Tlie  error  arising  from  uncertainty  of  temperature 

Hid  not  amonnt  to  more  than  -Ofi  per  cent. 

The  following  is  one  set  of  readiuga  in  which  C  denotes  the    Speciinji 
.  I  ■distance  of  the  eoil,  S  the  resistance  of  the  standard,  f 


KesietAnce  Compared 

I  Beading  of  Auxiliary  ) 
Magnetometer         | 
Position  of  rest  of    | 
needle  J 


1         Thai. 

fllL-Wm. 
9h.42m. 
0h.47m. 
9  b.  S3  m. 

"MS,"     ssc 

1 

"S« 

Negative     '        .IGT'GO 
Positive            ll(iB'40 
Uegative             .Sfifi^.') 
Positive            116609 

27-65 
■28-24 
2B-oO       1 
■2H-30       \ 

AISSOLITI';  MKASIUKMKNT  uF  RKSISTAKCE 


'J  L.  57 
10  h.  (1  HI.         RpEiHta: 


iiliiiH'  uf  Aiiiiliorj- 1 
Magnetometer.  J 
Of!ition  of  rest  of     j 


76U'28 
TB5-69 
7G5a3 
766-63 


IMlectla., 
DWftrcL 

DoflMtUD 

+  400-81 
-  HWIO 
+  400-5fi 

-  396-65 
+  397-93 

-  3B7-23 
+  397-23 

c-  s  +  -oaje,  ~ 

Tlie  viiltie  of  R  mub  calciilttted  direcUj-  from  llie  solution 
Ilie  quadratic  fiJ)  above.  If  .f  be  put  for  A!,l  +  "0003  tan . 
(I  -|-  r),  the  value-  of  the  nrcu  of  the  coil  when  it  in  mi 
to  include  the  correction  for  lorsion  and  level,  and  tui  0  dec 
GMIHA    BH   dclermined   obove  {|>.  668),  this  aolution  mny 


/!■  = 


irGJ-C 


'!!  +iai;fiB. 


METHOD  OF  REVOLVISti  COIL 


;oil  iroB  4'5  X  IfP  cms.,  and  5  the  abso 
dud  tierinan  silver  i^oil  at  IT'S  C.  iis  ^iven  by  the  difi 
Djments,  suhjecl  to  a  correclioii  for  the  copper  roda 
^uhe  rotating  coil  with  ihe  reaisiatice  bridge. 


tecL  7 

to 


I 


ISO 


I 


■218'r.l  4-5580 
218'30  4-5620  ' 
218'72      4'563I  I 


4-5487  i1 
4-6471  I  U- 
4-6422    J 


397-76  1  4-5e39  ,  4-5417  \ 
397'39  I  4-5672  I  1'5416  '  V 
397-2fi      4-5fJfl7  I    4'5448  J 


M*ir  S  =  4'5437 


M  value  of  L  Iters  used  tvu  aligtitly  leas  than  that  found  by 
1  Rayleigh,  and  agreed  very  closely  with  a  value  (4-5130  x 
cms.)  deduced  by  the  method  of  leitet  Eqiiares  from  the 
Its  for  different  speeds. 

le  German  ailver  Rtondnrd  was  tlien  compared  with  tho 
inil  slandarde  prepared  by  the  B.A.  Committee.  The 
isnl  was  found  to  be  4'505  B.A.  units  at  W-b  C,  and  the 
lluice  of  the  copper  rods  connecting  the  rotating  coil  with 

Fge  WM  found  to  be  -tm  tinit.  ThuB  4592  B.A.  units 
Dd  to  be  equivalent  to  4-5427  x  10"  in  cms.  per  second,  or 
IB 


r  1  B.A. . 


be    investigation    just    described 
leigh  witli  improved  apimratiiH,     ' 
lire  to  remove  risk  of  defni 


■aa  repented  by  Lofl 
lie  coil  was  made  more 
by  the  winding,  and  ila 


.Fiiml 
Valae  of 

"coU- 

Circuit. 

Value  of 

B.A. 

Dnit. 


Kiylaigh'a 
Mirther 


ABSOLITTB.  KEASHBUCBKT  OF  RBSIflTAHa 

Construe-  liimeDslons  were  increased  in  t)ie  ratio  of  about  3  to  2.  1 
ling  WBB  in  two  liilve",  joiDed  Along  the  liorixnnln]  diamrtl 
projecting  flanges,  nnd  inaulated  from  one  another  bjr  a  li 
Abooite.     Its  conBtraction  k-UIi  driving  nrrangeinenta,  i 
sliown  in  Fig.  129. 

The  ring  hiLring  been  wound  wn»  spun  with  iU  circuitH 
and  it  wiiB  fotind  thul  n  perceptible  effect  on  tlic  intgTMd 
produced.  This  was  traced  to  currents  circulating  in  tliejl 
of  the    ring   ndjacent   to   the   ebonite   layer,   where   then^ 


MKTHOD  Of  REVOLVING  COM. 

lutih  the  upper  end  of  the  fibre  waa  attached.     The  wliok 
Igenient  wus  bo  rigid  Ihnt  no  disturbance  was  produced  by 

at  the  highest  e{iecde. 

t)  Deedle  kou  on  the  same  plan  as  before.    Its  moment  was 

[  or  seven  times  oa  grent,  with,  nn   uocount  of  the 

r  diinenaions  of  the  coil,  n  vnlue  of  ■0013  for  MOIAH, 

)r  ouly  about  twice  the  former  value.  {This  was  determined 

nncr  ainiilar  to  that  already  described).     The  horiKontal 

Sth  of  the  mirror  was  diminished,  and   thus  with  greater 

Utic  moment,  and  smiiller  mirror  the  diHturhance  from  air 

Kits  inside  the  box  was  brought  down  to  about  1/15  of  what 


r  Driving  ooTd. 

1.  Plllinilms 

D.  KurtmdTelMMpe. 

J.  BrMaegil 

a.  WU«-ii.oWr. 

K.  TetHKopg 

F.  TBtoKOi>..udial,.to.o 

Metuns 

'as  in  the  former  apparatus.  The  period  of  oscillation  wa» 
I  btoitf;ht  up  to  a  convenient  amount  by  an  inertia  ring  j  inch  in 
I  dinmeter  added  to  the  magnet.  The  weiglit  of  the  wliole  wati 
I  so  small  that  it  wiia  cnxily  hornc  by  o  aiiigle  fibre  of  silk. 

"niecoil  was  driven  and  ils  flpecd  determined  as  in  the  former 
I,  experiments. 


ABSOLUTE  MBAStJREUKNT  OF  BESIBTASOS 


The  resist.incc  of  the  ouil  being  S3  nniu  a 
tlie  former  vitlue  4-6  unit",  HrraDgcmciitB   were  made 
resistantes  tolbe  copper  circuit  wlien  the  vnriationc^nw 
pnsscd  beyond  the  range  of  th«  olide  wire,  aiid  u  plaliniini 
ijtaiidaril  of  liboiit  S4  units  was  employed. 

Th?  genpriil   arrangement  of  the  appnraliie  i«  ebovru  i 
12». 

A  lirnt  set  of  gpiriniiigB  gave  lass  aconmte  r««iilts  lliw 
eipocteii,  and  tlie  caiiae  wh«  traced  to  Uie  paper  soUm. 
>vere  then  replaced  by  scales  eiigruved  on  gloss.  Som*  t 
\vn8  sIho  caused  by  an  imperfect  mercury  contact  at  die  in 
■  if  the  copper  coil  with  the  bridge  connecIJoiia  ;  but  win 
war)  remedied  the  nrraiigementB  worked  BRtJBfaclurily, 

The  dinieiiBionB  of  the  coil  were  h9  follows  :  ^ 


--^r^ 

«„...... 

.last 

199 

I 

I4S-53 
148-35 

•23-fiS9 
23C11 

ean  148  44 

Menn  23-625 

Encli  coil  was  ivound  willi  sixteen  layers  of  eighteen  wit 
in  each  layer, except  the  eleventh  layerof  J,  wliich  had  sevi 
tiimfi.     An  extra  turn  was  laid  on  ^outside  the  slsteeath 

Bach  layer  waa  ineasiired  during  winding,  and  again  t 
winding  after  the  experiments  had  ceen  made.  Thus  Uie 
of  the  pressure  of  the  lajerx  in  diniioishing  their  rad 
efltiiDnlod.  Tlic  mean  of  the  mean  radii  of  the  two  coil 
then  23-fil6.  Weighta  of  two  to  one  were  given  to  ti 
rcault  and  tho  former  bo  tlint  a  mean  of  23619  cmi 
adopted. 

GA  WB«  calculated  from  the  formulae  (27),  (S8),  i 
niultipiied  together,  and  it  was  foimd  that  log  (0'i4)~8' 
The  correction  for  level  and  torsion,  it  was  foimd,  inci 
this  number  only  to  8't7686. 

The  value  of  L  for  the  coil  waa  found  by  calculating  j 
and  31  for  the  two  coils  as  eiplained  above  (p.  566),  L^  L 


METHOD  OF  REVOLYIXO  COIL  r.77 

^ind  bv  (29),  and  J/ l»y  the  f«>rmulii  of  approximation  given  at     Oilcula- 
4r03  above.     Tims  tion  of 

Induct- 
Z,  (for  J)  =  1029-3  X  1-6*  X  IS^  cms.,  auce. 

-Lj  (for  B)  =  1031-9  X  162  ^  18*  cms., 
23/  =  832-88  X  16«  x  18*  cms., 

X  =  ii  +  ij  +  21f  =  2-4004  X  108  cms., 


b^ect  to  a  correction  for  curvature. 

^  was  also  determined  experimentally.  A  full  account  of  the 
^^Ikermination  is  given  in  Chap.  IX.  above.  The  final  result  thus 
^^and  was  i =2-4052  X  10®  cms. 

^Tbe  currents  in  the  ring  were  allowed  for  as  follows.  Putting 
"^^  fi  for  MGjAH  as  at  p.  668  above,  and  J!,  O',  L\  R,  for  the 
l^l^antitiea  depending  on  the  ring  and  corresponding  to  A,  0,  Z,  R, 
^^  have  from  (24) 

tan^  +  r-^— «^ --  ,  ^...(R  + L» t&n <l>  + R tan fi sec <f>) 
cos  <p        nr  -f-  vrLr 

+  i^;q^^(ff'+i''-tan<^  +  irtanM8ec*)  .    (33) 

i^f  the  wire  circuit  is  closed.     If  the  wire  circuit  is  open  and  the  Theory 

^peed  is  the  same  l^ii^K 

Currents 

tan  t^  +  r-*^  =i  ^^Jy  ^(«'+I''«tan<^o+^'tan^8ec<^o)  (34) 

Putting  rtan  0  for  r^/cos  <p,  and  rtan  <f>g  for  r<f>  J  cos  <t>(^^  neg- 
lecting the  terms  multiplied  by  /?' tan  ^,  and  subtracting,  we  get 
after  reduction 

tan»^tan»o=i^^,^^,^^^^^^^r/?  +  Xa,tan<^ 

4-iBtan,*8ec0)(l+^tan<^o)  .     (35) 

Thns  the  effect  of  L'  would  be  to  increase  the  deflections  at 
high  speeds  beyond  their  proper  values,  whereas  that  of  L  is  to 
diminish  them.  The  value  of  L/R  for  the  wire  circuit  was  -01 
second  :  for  the  ring  L'/R'  was  no  doubt  much  less,  and  further 
a»  tan  <f>p  at  the  highest  speed  was  only  1/26.  The  last  factor  on 
the  right  of  (35)  may  be  omitted.     Hence  R  is  given  by  (32) 

VOL.  II.  P  P 
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above  with  tun^-taa^u  uaed  infitead  of  tBii0,  {buteoc^ltfi 
UDclianged)  and 

F=.  [iLI0,J){2LlG,A  -  tan  0/(tan  ^  -  Ut>  *^},         J 

where  C,  deoolea  0/(1  +  r).                                                    1 

Modo  of         With  regard  to  the  obaervations  the  general  tnodt  of  Ctrfl 

Carrying   ing  out  the  w*rk  and  correcting  tlifl  resulta  wns  the  ttme  mm 

out         the  former  investigation.     An  auiiliary  mRguetumcter  wai  nsM 

01«er™-    ga  before  to  trace  changes  of  declination  ;  and  lie  speed  uK 

tiojw.      deflcctiona  were  read  off  as  formerly.    For  the  higheat  ipeoli 

was  found   that  UndJUni^  =  7'61/439-41,  and   ihia  with  tti 

value  of  OiJ  stated  above  gave  !og,o  U  =  -84326. 

The  standard  coil  was  keut  immeraed  in  water  the  temperettm 

standard   timing   fork   by   which  the  frequency  of   the  «peei 

iiieosuriMg  fork  ivaa  determined. 

CnmpariBons  of  the  resiatance  of  the  copper  coil   with  tk 

p]atiniim>silvor  coil  were  made  before  and  after  each  aet  ol 

opinnings.     Tlie  resistance  of  the  copper  circuit  was  eqnal  M 

that  of  the  standard  coil  +  or  -  the  resistance  of  the  bridge 

wire  required  for  balance, 

Spacittion       A  specimen  set  of  readings  ia  here  given  with  the  noceawrj 

Set  of      corrections.     The  Brst  set  of  six  were  made  with  the  wirecircnil 

Eeadinga.    open,  the  second  aet  with  it  closed. 

Wire 

circuit  { 
open 

Wire 
circuit  ( 

closed 

No.  of 
.finning. 

Tl... 

Mugnet  nadiug 

oomctedby 

nnilllui]'  nutgnet 

ouieWr. 

Dur. 

deOn^ 

it 

\^- 

6  + 

7  + 

8  - 

9  + 
10  - 

n  + 

12  - 

8  16 
8  18 

e  20 

8  23 
8  35 

A  46 
8  47 
8  50 
8  52 
8  65 
8  50 

593-38 
603-86 
6!<3-41 
604-10 
693-45 
604-05 

901-58 
29G-H 
901-54 
296-42 
901-33 
296-56 

10-48 
10-45 
10-69 
10-65 
10-60 

605  47 
605-43 
60512 
604  91 
604  77 

1 

[-302-S6 

^^ 

\ 

1 

M  roBiataooe  of  the  HluDdnrd  -  the  resistance  of  tha  copprr  C 

ItezpressBd  in  lerins  of  the  resistance  of  one  dirision  of 

Widge  wire  sb  unit,  was  212  at  the  hegiiiaing  of  the  acuond 

bBervaiioiiB,  nnd  -316'5  at  the  end,  giving  a  mean  of  -62 

Ig  the  interval.     Bnt  each  division  of  the  hridge  wire  was 

%  1/480000  of  the  whole  resistance  of  twenty-four  ohms,  so 

if  balance  hjid  been  obtained  on  the  average  at  the  middle 

la  bridge  wire  the  deflection  would  have  been  31l2-fi9. 

jaitk  the  temperature  of  the  atundanl  during  the  esperlmenla 

^^  -aean  value  of  l(f '025,  ho  that  the  resistance  of  theatandurd 

for  this  series  was  tahen  aa  normal  at  13^,  was  below  its 

i  value,  and  the  deflections  were  too  large.     The  variation 

gnsistance  of  the  standard  per  degree  was  3  parts  in  lOOOO, 

|Bi«.t  the  deflection  fell  to  be  diminished  by  about  2-7  parts 

ROO  or  by  -27. 

pie  standard  number  of  beats  per  minute  between  the  standard 
K  ftnd  the  electrically- maintained  fork  (at  17°  C.)  was  taken  as 
pnriDg  the  series  of  obBervations,  and  in  the  set  of  obserrutions 
B  taken  a»aspecimen  the  number  of  beats  wns56J  per  minule, 
^Ut  the  electrically -maintained  fork  was  too  sharp  by  SJ  parts 
JBO  X  127,  127  being  very  neorly  twice  the  frequency  of  the 
br  fork,  that  is  the  speed  was  too  great  by  this  amount. 
m  gives  us  the  correction  of  the  deflection  for  excess  of  speed 
■10. 

But  the  standard  fork  which  was  at  normal  frequency  at  17° 
IS  at  13''05,  and  tlierefore  vibrated  more  quickly  than  tlie 
rmal  rate.  The  amount  of  quickening  was  about  1  in  10000 
r  degree  of  difference  of  temperature.  Thus  there  was  a 
rthar  temperature  correotjon  on  the  deflection  of  —  '12. 
Adding  together  and  applying  these  three  negative  corrections,  Correct^ 
>  get  for  the  deflection  which  would  have  been  ohtnioed  if  Value  d^ 
erythingbad  been  in  its  normal  state  as  specified  302*10.  MenD, 

From  the  series  of  experiments  made  at  different  speeds,  it  DefleciW 
IS  seen  that  there  was  a  tendency  for  tlie  value  of  the  resist-  Resum 
ce  to  rise  with  the  speed.  This  would  have  been  the  effect  of  "'  .1 
UDiler-estimate  of  the  value  of  L,  but  as  the  error  to  account  "P^"^ 
r  the  discrepancies  at  the  different  speeds  would  have  had  to  '''^"  *■- 
nbout  1  per  cent.,  it  was  taken  as  more  probable  that  there 
pe  ring  currents  generated  which  were  not  conjugate  to  those 
tb»  wire  circuit.  There  was  no  doubt,  however,  that  the  true 
tue  would  be  obtained,  no  matter  which  of  these  views  was 
ten,  by  applying  a  correction  proportional  to  the  square  of  the 
>od.  This  correction  was  calculated  from  two  extreme  speeds 
d  applied  to  the  results.  Thus  the  principal  scries  of  eiperi- 
■»  consisting  of  rouny  different  sets  of  spinnings  gave  th« 
p  p  2 
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;rs    in    the    fulloiriog    table    as    their    final    con 


8pwllnl«lb 

DDCUd. 

t;iuMin«U<i]  nalit- 
13-Vnll  IIH'C.G.S.) 

u«  of  Muidtid 
(iinitl9"C,0.W 

60 
45 
36 

30 

23-619 
2362 1 
23  630 
23-638 

■006 
■Oil 
■018 
-025 

23-613 
23-610 
23-612 
23-613 

Mean  23'6S? 

Heaa  23«1S 

V»hia  of 
B.A. 

Unit. 


The  result  uf  thia  aet  of  experimenta  w»a  taken  aa  that  with 
which  iho  B.A,  HtFindnnls  should  he  comparod.  Another  aeriei 
made,  however,  gave  praptically  llie  same  result,  viK,  23-618x10' 
C.G.S.  unite  as  tiie  resistance  of  the  standard  coil  at  13". 

A  careful  comparison  of  the  reaiatauoe  of  tbe  standard  c«l 
with  tiie  B.A.  unit  gave 


23-612  X  10»  C.G.S.  unita  of  reaistJince  =  23-93J8  B.A.  units, 
or  1  B.A,  unit  =  -98651  x  10»  C.G.S.  uolls. 

^ethod  of  Lord  Rayleigh  and  Mrs.  Sidgwick  have  made  a  very 
careful  determination  of  the  value  of  the  B.A.  unit  oi 
resistance  by  the  method  of  Lorenz.  A  disk  of  meta! 
touched  near  its  centre  and  at  its  ci  run  inference  by  the 
terminals  of  a  conductor  was  spun  ronnd  its  aiis  o( 
figure  at  a  uniform  observed  speed,  in  the  magnetic 
field  of  a  coaxial  coil  carrying  a  current.  The  electro- 
motive force  produced  in  the  circuit  thus  formed  was 
balanced  by  tiie  difference  of  potential  between  the 
terminals  of  a  resiatance  through  which  flowed  the 
current,  or  a  known  fraction  of  the  current  producing 
the  magnetic  field. 


MetlioJ. 


I 

t  METHOD  OF  LORENZ  581 

Sapposing  the  disk  touched  at  ita  centre,  the  total  ''J'^'','^? 

dionge  in  the  flux  of  induction  through  the  circuit  in 

me  turn  is  equal  to  the  induction  produced  by  the  coil 

oigh  the  circular  edi;e  of  the  disk,  or  if  ^denote 

bo  mntual  inductance  of  the  coil  and  this  circle,  and 

s  current,  it  is  .Ify.     If  n  revolutions  of  ihe  disk  he 

ide  per  second  the  electromotive  force  is  uMy.     Thin 

I  balanced  by  the  difference  of  potential  Hy  between 

i  terminals  of  a  conductor  of  resistance,  B,  and  so  we 


R  = 


iM 


\fiB  calculated  from  the  knowu 
a  ii  ia  found. 


(36) 

data  of  the  cud  and 


In  no  practical  caae  cnn  <i.tf  be  large,  ntid  therefore  R  most  be  Lord  R»; 
stniill,  iiod  II  difficulty  ariees  on  tbls  account  in  the  carrying  out  '"B"  '" 
of  the  nieUiod.  TIiIb  was  overcome  in  Lord  Rayleigh  and  g-.^i?",. 
Mrs.  Sidgwick's  experimenls  by  arrnnginR  that  the  main  cnrrenl  'gj  '[^j. 
should  fluw  along  JC  (Fig.  131).  through  a  reeistance  a  amall      ^^nt^' 


FiQ.  131. 


compared  with  the  reaiHtance  c  between  A  and  B,  while  at  the 
two  poiols  B  and  C,  including  a  reaiatance  b  also  amall  compared 
with  <r,  the  lermiouls  connected  with  the  revolving  diuk  were 
applied.  TIiub  6  was  the  resistance  whit^h  was  evaluated  by  the 
exparlinent.  The  connections  at  ^,  B,  C  were  made  by  means 
of  mercury  cnpa. 

Tlio  main  current  being  y,  and  no  current  flowing  in  the 
ciKruit  applied  at  BC,  the  current  throogh  J  B  Oh yo/{a+6+r). 
Bence  tlie  difference  of  potenlial  between  B  and  C  was 
yail{a  +  4  4-  c).     This  was  therefore  the  electromotive  force 
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genoratcd  by  the  motion  of  the  dink.     It  -n 

r«);atit  il  &e  tlie  difference  of  potenlial  pruc 

y  betweeo  the  ends  of  a  conductor  of  resial 

Atratigo-        The  pair  of  coils  naeH  by  GlaJtcbrook  in 

iiuitit  of     tho  ohm  (see  »bovo,  p.  543)  wore  omploj'c 

Apiurn-    placed  close  toRether  with  the  disli  belwet-r 

""■■         a  inaxiinum  inductive  effect     The  axle  wa 

in  iha  ftHine  alrendy  used  for  the  BjiiDninp 

Ro  that  the  BrrnngeniontB  then  used  for  dii 

the  speed  were  available  also  in  the  preaenl 

The  diaineler  of  the  disk  was  about  -6 

Thia  HJze  was  chosen  as  ou  the  one  hand  it 
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»^  arrangement  of  the  oppnratuB  is  shown  di-igrammntipally 
'K-    132.     Tlio  bnttery  A  is  connector  wilh  a  merciirj  cup 
nutntor  B,  by  which   the  current  can   ho   sent   in   either 
tion  tlirotigh  R.     R\9  liere  taken  ah  b.  almple  conductor,  but 
— l»Unt  on-angement  was  of  course  used,  ftud  R  may  be  taken 
,|!*<»-niiing  for  the  resistance  «A/(a  +  i  +  c). 
f     ■^"a    terminals  F  and  H  attaclied   Id  the  centre  ami  circum- 
g  ''^•^ce  of  Ihe  disk  were  connected  with  a  mercury  reveraiiiK  key 
^  ^'xl  in  oncj  of  thein  was  iocluded  a  reflecting  galvanomeier  (7. 
^-**J^    /  the  wires  of  the  diak  circuit  proceeded  to  the  terminals 
^-  -'^i   one  of  Ihem  however  having  inclnded  in  it  a  portion,  iK, 
n-  ^  circuit  contaiDing  a  sawdust  Daniell  L,  and  a  resistance  coll 
4,*^  ohms. 
.  Tlie  Inltercircnit  was  designed  to  balance  the  effect  of  thermo- 
'ecttic  force  at  the  sliding  contacts  of  the  brush  on  the  disk, 
j?*A  the  indnctive  effect  of  Ihe  earth's  magnetic  field  in  whit-h 
****  disk  rotated,  which  would  have  given  a  current  through  the 
•tding  contacts,  thereby  bringing   these   resistances    into    the 
?<:eopnt.    The  function  of  the  galvftoouieter  G  wns  to  test  this 
^alnnce,  and  that  required  when  the  disk  was  rotated. 

Tlie  bnltery  and  frnme  carrying  the  disk  were  insulated 
*Toiu  the  ground,  and  the  coils  insulated  by  ebonite  supports, 
•ind  for  definitenese  one  point  of  the  galvanometer  was  con- 
Wcted  to  earth  at  B.  It  was  found  tJial  there  was  no  error 
from  leakage. 

In  the  carrying  out  of  the  experiments  the  test  of  perfect  MoJo  o 
balance  of  the  electromotive  force  of  the  disk,  together  with  Carryin 
Ihe  thermo-electric  force  and  inductive  action  of  the  enrtb's  field,  out  _ 
above  referred  to,  was  absenee  of  deflection  of  the  galvnnometer  Eiperi 
needle  when  the  battery  current  was  reversed.  It  wns  not  Low-  nienta. 
ever  thought  desirable  to  seek  accurate  balance,  but  to  make 
observations  of  the  effect  on  the  galvanometer  reading  of 
reversal  of  the  battery  current  with  a  resistance  ^i,  very  little 
different  from  that  (A)  needed  for  balance.  After  a  series  of 
readings  had  been  taken,  A,  was  changed  to  Rf,  which  was  such 
that  the  same  reversal  of  the  current  was  accompanied  by  a 
galvanometer  deflection  of  opposite  sign  to  Ihe  former.  The 
two  series  of  results  gave  R  by  interpolation. 

To  dirninate  progressive  change  in  the  battery  electromotive 
force,  the  observations  for  Ji,  were  interspersed  wilh  those  for 
R^  As  soon  as  each  series  of  results  had  been  obtained  for  one 
direction  of  driving,  the  driving  cord  was  reversed  and  a 
similar  series  of  observations  made. 

Preliminary  trials  proved  that  the  shunt  arrangement  repre- 
Beiit«d  iu  Fig.  131  was  faulty.    The  pieces  dipping  into  the  cup 
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C  were  moved  from  day  to  dfty  to  verify  the  eontact¥,  and  th 
fiict  wne  overlouked  Ibat  as  iLe  main  current  also  IruTeneil  Cm 
aui&ll  change  in  the  poMiiiona  of  the  conturla  might  malu  a  t 
fliderable  difforenco.     For  any  uncertainir,  even  of  veiy  n 

,     '""'f       aliHolute  amount,  would  affect  both  a  and  b,  wbicb  v 

E  M"F"'or  ""^  'herefore  seriously  oft/fo  +  *  +  (). 
'  Diak  '^''^  arrangement  shown  in  Fig.  133  was  accordingly  uli^ 

Two  cnns,  J,  O,  were  connected  by  two  1  unit  coiIh,  thra 
which  the  main  current  flowed,  while  two  other  iuercui7  n 
B,  C,  receiTed  tlie  galvanometer  tenuinali  of  Ihe  diak  c' 
G  wa«  connected  with  It  by  a  stout  rod  of  copper.  A 
box  £  wait  placed  aa  a  ahunt  across  A  to  enable  the 
of  the  shitnt  to  be  adjusted. 


METKOD  OF  LORENZ 


induclion  was  n  mmimuni,  and  at  which  tlieroforo' the  rnte  of 
TTkriiilion  of  J/ with  i^hnnge  of  mean  mdiua  was  zero. 

For  thia  parpoae  the  ouib  wero  separated  by  (liBtuncc-piiceH 

'   |>ropet  Rizt ;  and  to  eliminate  uncoriainly  as  lo  the  piisition 

[ire  mean  phines  relatively  to  thu  bnbhins,  after  one  set,  of 

-'■rvat'ioaa  had  bseo  cunipleted,  the  bobblDs  were  reversed  uii 
..ic  distance-pieces,  and  another  set  of  ubaervntiona  taken. 

The  dimenflions  of  the  coils  are  given  above  (p.  543),  rvnd  Ihe 
■lislance  of  their  mean  planes  apart  in  Ihe  fIobb  position  w^ie 
3*^75  cms.  In  the  separated  pOBitionB  thediBtanoee  apart  of  the 
mean  planes  were  30681  ctue.  and  30710  cms.  respectively. 

The  dinmeler  of  the  disk  was  meaHured  by  callipers,  nnd  its 
circumference  by  a  steel  tape.  It  was  found  that  the  edge  was 
slightly  conical,  and  it  was  estimated  that  the  mean  dinmeter  at 
the  contact  of  the  brush  was  31-072  cms.  The  other  contact 
«•«  made  at  the  shaft,  and  the  diameter  of  the  circle  of  contact 
there  was  2  096  cms. 

The  coeffirient  of  mutual  induction  was  calculated  first  by  the 
•Iliptio  integral  formula  (by  aid  of  the  tables  given  in  the 
Appendix)  for  two  circles  of  radius  efiiirtl  to  the  mean  rndii  of 
either  coil  and  dink,  and  at  a  distance  apart  e^iual  to  the  distance 
at  the  menti  plane  of  ihe  coil  from  that  of  the  disk.  Then  the 
STOSB-section  of  the  coil  was  taken  iuto  account  by  the  fonniilu 
of  qasdretures  given  above  (p.  403). 

If  a,  a',  be  put  for  the  radii  of  the  coils  and  disk  respectively, 
and  r  for  the  ilistnnco  apart  of  the  mean  plane  of  the  coil  and 
of  contact  on  the  disk,  '2i  and  2il  the  axial  breadth  and  radial 
depth  of  the  coil-,  and  J/(a,  a',  x)  Ihe  result  for  the  two  circles, 
the  results  in  cms.  per  turn  of  wire  were  tis  follows  :  — 

Coils  near  together, 

I   0  =  35-760  cms.         a'  -  15536  cms.         i  =  1637  cm. 
148  cm.  li  =      -955  cm. 

M(a,  a',  x)  -  215-4674 
if(o  +  rf,fl',r)  =  205-1917 

Af(a~d,  a',  x)  =  S20-9835 
M{a,a;x  +  6)  =Sll-7246 

Mia.a'.r-b)  =217-5972. 


Distance 
apart  of 
Coils. 

sions  of 
Dish. 


ing  to  twice  tlie  first  of  these  values  the  si 
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and  taking  }  of  the  result,  the  average  r*Iue  of  Jf  feoMti 
of  wire  was  given  by 

3f  «.  215-405. 

When  the  coIIh  were  Reparated  by  the  insertion  of  Jiita 
pieces,  BO  tbnt  x  =  1&'3472  cine.,  withoat  change  of  tbeol 
ilatii,  tlio  corresponding  values  found  were 

M(a,a',x)  =  llO-gSW 

.l/(ff  +  rf,  o',  x)-lll-S573 

M(a  -  d,a;x)  -  110-2442 

3/(rt,  y,  I  +  i)  =  104-5571 

,¥(«,  o',  *-  A-  117-6579 

wliich  giivo  (again  for  one  turn) 

M=  110-926. 

The  effect  of  errors  in  the  measurement  of  a,  a',  and  fci 
1    oBtimuietl  by  the  formula 


METHOD  OF  LORENZ  I 

Tims  f)r  tlie  case  of  the  coils  near  together 

X  =  -  1'36,    ^  =  --02,     y-  2'38, 

wid  for  thiit  of  tlio  Bepsrritcd  coil* 

X=  -123,    M  =  -  ■95'',    >■=  I'833. 

Ims  in  llio  former  case  the  importaitce  of  an  error  in  iLa 
motion  ot  □  is  of  rallier  more  than  half  the  iinportnnce  of  an 
equal  proportional  error  in  x,  while  an  error  in  tlie  eetimalioD  ot 
a'  is  relntivelf  unitnportiuit.  On  tlie  other  hand,  by  ihe  Repara- 
tion of  the  coila  tlio  [mporiance  of  an  error  in  m  is  diminished  to 
about  1/11  ot  its  former  amount,  while  that  rtf  an  error  in  a'  ia 
enhanced.  Tlie  numbers  show  Ihut  tke  eupaniUon  h:id  bten 
carried  ralher  beyond  it?  priiper  amount. 

From  the  vidiioa  of  3/  in  both  cases  had  to  be  euhlracled  Dednction 
tlie  p^krt,  j/g,  say,  corresponding  to  the  aiaall  circle  touclied  by  forlndnal- 
Uie  inner  brush.  The  area  of  this  circle  was  in-x2-09G';  and  ""m  ovw 
therefore  taking  the  magnetic  force  at  the  centre  of  the  diak  due  Circle  of 
to  tinit  current  in  the  coil  at  mean  radius  a  ns  n  enfticienlly  near  '"' 
approximation  to  the  average  induction  over  Ihit  circle,  wo  get 


This  was  equtil  to  -836  ia  the  first  cnse^  and  to  -531  in  the  other. 

The  resiBtancea,  the  arrangement  oi  wltich  ie  sliown  in  Fig. 
133,  were  the  same  in  all  three  series  of  experiments.  The  onil 
b  was  of  German  silver  and  had  a  resistance  of  A  unit  nearly, 
the  resistance,  a,  between  A  and  D  was  made  up  ot  two  standard 
single  units,  and  7  or  8  B.A.  units  from  the  resistance  box  all  in 
innitiple  arc. 

In  the  lirst  scries  of  experimentH  e  was  a  [10],  in  the  second  ( 
[10]  +  [5]  +  [U  and  in  the  third  series  [10]  +  [6]  +  [5'].  The 
resistances  of  Ihe  sinRlo  units  were  already  known,  the  othcrfl,  Absolute 
that  is  the  [10],  [6],  [5j.  [,V1.  had  to  be  cnrefally  eompareti  with  lUsist- 
atandiird  B.A.  units.  The  [5]'s  were  compared  by  comparing  ance  with 
first  one  of  them  with  5  units  in  scries,  and  then  the  two  [5]'s  B.A  Unit, 
with  one  another;  afterwards  Ihe  sum  of  the  two  [5]'h  was  com- 
pared with  the  [10],  tlie  value  of  which  was  found  oy  a  special 


'    Cora  pari- 
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BriilftB  Ar-      Throe  Gerrann  silver  roiU  of  (ihout  3  luiitB  rach  wound  < 

nugemeot  satn^  tube,  had  their  ends  nrraiigvd  eo  thnt  tliei-  could  by 

for  Com-    ciiry  vapR  be  pnt  either  in  multiple  arc  or  in  »«rii!f:,aiiil  •  d 

1*^1  "f  iiinde  in  a  very  sinall  interval  or  time  from  one  arrangem 

Sinall      tiig  gtjjp,      j„  multiple  arc  tbey  were  compared  H-ith  a  «« 

witTstaT  ni  and  'o"""!  ">  l'"*'e  a  resiatanoe  1  +  a.     Tlie  arrangi 

dard.    '  ^"^  *"*"  npidly  elianjred  to  Berief,  and  llie  reeistance  b- 

very  nearly  9  (I  +  o).     The  alandard  unit  was  now  added,  ar 

reiiiBtaTKe  became  10  +  9a.     Tliia  was  c<im|iBred  with  the 

lliB  value  "f  wlii'h  wns  to  bo  fjund.     If  tliero  was  a  diff( 

d,  then  [10]  =  lO  +  9o  +  ft 


^^B  Specimen 

^H  Ik«Lilta. 


The  [I/IO]  waa  determined  as  follows.  Two  standard 
the  [10]  and  the  [1/10],  wero  joined  aa  shown  in  Fig.  13 
Wheatetone  bridge,  in  which  the  battery  and  gafvant 
terminala  were,  aa  shown,  brought  into  direct  contact  witb 
of  the  [1/10]  in  the  mercury  cupa.  A  resiEtanee  box  cent 
coila  up  to  10000  waa  placed  in  multiple  arc  with  one  i 
unita  to  enable  the  latter  to  he  adjusted  to  ba1anc«  w: 
neoesaary  nccurncy.  The  four  coila  were  bo  nearly  in  prop 
that  a  reniatance  of  aeveral  liundrud  unite  waa  required  m 
hoi  to  give  balance,  so  that  the  delicacy  of  the  nrrnngemci 

As  a  Bpecimen  of  the  results  showing  the  mode  of  ftpplyi 
various  corrections  the  table  of  resiilta  given  for  the  i 
series  of  eiperijucnta  with  the  coild  near  together  ii 
reproduced. 
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ABSOLDTE  MEASUREMENT  OF  BE31STAKCE 

The  firel  series  gave  R  =  -00443407  x  1&>B.\.  uiiila; 
tlio  ratio  t.E  the  B.A.  unit  tu  KJOC.Q.S.  uiiils  of  resisennte  b< 
tlje  absolute  value  of  R  was  r  k  -00443407  x  10"  C.&S.  B 
value  of  if  was  Jlf,  multiplied  by  the  uuniber  of  turn*  ia  U 
(1588),  nnd  ti  the  number  of  revolutions  per  flecond 
frequer](.-y  -i- number  of  teeth  stationary  oq  card.  Hence  b 
fur  tlie  tirst  series,  since  n  =  128'40T/10, 

T  X  -00443407  X  I0»  =  12-8407  X  814  569  x  1588 

or  *■  =  ■BB674. 

The  second  series  gare,  eiiioe  for  it  ii  ^  lS9'310/Ii 
JE  -  ■0027yi57  X  10», 

214-569  XlSflBX  139-340  ^  .„  _ 
-00279167  X  10«  X  16 

In  tbe  tliird  series  n  =  129-340/10,  and  B  =  "00320762  : 
so  tbal  frum  it 

1 10-392  X  1588  X  129-340  _ 


■l>022976<i  X  10"  X  10 


Taking  tbe  mean  of  the  first  two  resulls,  and  giving  it  the 
weight  aa  tbe  last  Lord  Rayleigh  found  as  the  tinsi  result  i 
iuveatigatiooj 

!  B.A.  uuit  =  -98677  x  10»  C.G.a 

With  tlie  value  of  tbe  specific  resistance  of  mercury  in 

of  tbe   B,A.  unit  found  by  Lord  Itayleigh  and  Mrs.  Sidg 

tills  gives  1   ohm  =  resistance  at  0°  C.  of  a  column  of  wt 

106-214  cms.  lung  and  1  sq.  miu.  in  croaB-secUon. 

Abaolule        A  tarofully  planned  and  executed  determination  hy  Lo 

Deter-      method  was  made  in  1B9I  by  Prof.  J.  V.  Jones,  of  Cardiff 

mination    used   in  the  construction  of  bis   apparatus  the   most  ac( 

of  8p.      obtainable  engineering  appliances, 

Reaialanca       The  standard  coil  consisted  of  a  single  layer  of  dgublf 

of  Mer-     covered  wire,  02  inch  in  diameter,  wound  on  a  cylinder  of 

•^■"y-        about  10  fi  inches  in  radius, in  a  screw  thread  of  pitch  -026 

This  cylinder  was  ver^  carefully  turned,  and  the  screw  t 

cut  on  an  accurate  Whitworlh  tutbe,  and   great  care  was 

to  t«Bt  tbe  figure  of  the  cylinder  after  it  was  finished.     I< 

found  that  the  croas-eection  of  tbo  cylinder,  instead   of 

circular,  was  always  slightly  ovBl,liowBver  many  cute  were 

over  itssurfuce,  showing  apparently  an  effect  of  internal  sir 


Fixing  of       After  llie  screw  lind  been  cut  tlie  mpan  plane  of  the  c< 
Mean      determined  for  the   after  placing  of  ihe  di«k  ia  the  foli 

Plnneof  niaDoer.  Tbe  slide-rest  of  the  lathe  was  made  to  eonr  s  . 
lltOix.  ^„(]  Q  miortwcope,  ho  adjusted  thnt  the  inio^  af  the  point 
lool  was  Been  eiuctly  nt  the  centre  of  the  grailualed  plate 
focal  plane  of  ill?  eyepiece.  When  the  eltde-reat  was  i 
along  the  bed,  the  tool  pnssed  inside  the  cylinder  wlij 
microscope  remained  outaide.  The  guide-screw  of  the  alii 
(of  pitch  '25  inch]  was  turned  hy  a  wheel  9*T5  inched  in 
divided  into  360  parts,  and  it  was  posHihle  tn  estimnle  tbi 
lion  of  Uie  wheel  to  1/10  of  a  division.  By  drawing,  I 
generating  line  along  the  cylinder,  and  reading  on  thia 
the  pasttion  of  the  microscope  when  the  ridges  nf  the  fir 
second  threads  on  tliis  line  were  focnsaed  in  the  fiel^of 
then  running  the  microscope  alon^f  Ihe  genernling  Un 
trikingin  like  manner  the  readings  for  the  la^-t  ridge  and  las 
liiit  one,  the  reading  for  the  me&n  plane  could  be  at  once 
The  mean  of  tlie  first  two  readinga  suhlracted  from  tlie  m 
the  lust  two  gave  obviously  the  distance  between  the  first  I 
and  tile  lust,  and  half  the  sum  of  these  two  moans  therafor 
llie  required  reading.  The  tool  whs  then  moved  to  thia  pi 
hy  thii  wheel  and  guide-screw,  snd  a  cut  made  round  tbe 
uf  the  cylinder  at  the  plane  thus  found. 

Winding        At  the  interaection  of  the  first  and   last  hollowa  wit 

of  Coil,  generating  line  gniall  holes  were  bored  radially  through  th< 
of  Uie  cylinder,  and  were  bunhed  with  parnflined  ebot 
receive  the  ends  of  the  wiie.  The  wire  was  secured  at  ol 
in  tho  hole  there,  and  was  then  laid  on  in  (lie  screw-lhn 
the  lathe,  under  uniform  tenfioo  given  by  a  weighted  ] 
The  ends  of  tlie  wire  were  secured  by  melted  paraffin  tu 
the  bushes,  and  blocks  of  ebonite  attached  to  thn  cylinder 
ends  of  the  generating  line,  on  which  the  ooil  began  and 
carried  binding  screws,  to  which  the  ends  of  ihe  wire 
soldered. 

Arrange-        The  arrangement  of  Ihe  apparatus  is  shown  in  Fig.  135. 

mont  of  disk  was  insulated  from  the  axle  by  ebomta,  and  was  fii 
Disk.  Riially  as  described  be'ow  in  the  mean  plane  of  Ihe  coll. 
driven  by  an  electromotor  coupled  direct,  and  was  rota 
position  and  ground  tnie  by  an  emery  wheel  driven  rani 
an  electromotor.  Its  diameter  was  measured  by  a  Wfiil 
measuring- machine.  This  consisted  i>f  a  graduated  b«d  ea 
two  headstocks,  one  fiied  tlie  otiier  movable,  along  tlie  b 
a  guide-screw  turned  by  a  divide<l  wheel.  The  diatanoc 
on  the  bed  were  compared  with  aatnndnrd  scale. 

A  side  view  of  the  coil,  disk,  stroboecopio  cyliiid«r^Jj 
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mercury,  A  the  crosa-section  of  the  colutnn,  and  I  tlie  distance 
between  the  two  positions  of  the  electrodcB, 

ip  =  M{n,-n^) (37) 

The  capillary  depression  at  the  sides  of  the  trough  was  allowed  Elimina- 

f or  by  taking  observations  for  two  different  depths  of  mercury  tion  of 

in  the  trough.     For  if  LA  be  the  change  in  area  produced  by  Uncer- 

increasing  the  depth  from  h  to  h\  Wj,  Wj,  /  the  speeds  of  rotation  *S^*^ 

and  difference  of^  lengths  of  colunm  in  the  first  case,  «',,  n'j,  /'  c^- 

those  in  the  second,  then  we  have  by  (37),  assuming  that  the  i-^^' 

groove  is  true  and  the  temperature  the  same  in  both  experi-  ^' 
nients, 


M{ni  -  Hj)* 


J  +  AA  = 


Vp 


and  therefore 


or  since  A  A  =  bQi'  —  /i),  where  b  is  the  breadth  of  the  trough 
and  h',  A,  the  two  depths, 

P=       t         — T~' ^^^^ 

The  trough  (shown  in  section  in  Fig.  138)  was  cut  in  paraffin    Prepara- 
wax  melted  in  a  longitudinal  groove  left  in  a  strong  casting  of     tion  of 
iron.     The  wax  was  melted  in  the  groove  and  allowed  to  solidify     Trough 
on  the  surface,  after  which  melted  wax  was  poured  through  a        fo^ 
hole  in  the  crust  to  the  interior  in  order  to  obtain  a  perfectly    Mercury, 
homogeneous  mass.    A  channel  was  then  cut  and  covered  with  a 
thin  layer  of  paraffin  to  fill  up  air-holes,  after  which  it  was  recut 
and  sciaped  true. 

A  length  of  10  inches  of  the  trough  was  used  in  the  experi- 
ments, and  this  was  carefully  calibrated  by  internal  callipers  of 
special  construction. 

Q  Q  2 


troogfa  imM 
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The  poottoB  af  the  Mthce  of  ibe  Ba^cury  ms  dsiermiiM 
pUeioif  •  •pberotaelei'  in  ■  fixod  pnaitiofi  over  the  troogfa  a 
'^"1  ■CT«iri]>g  di>vD  Ibe  tBarabte  point  tuttil  coatAct  w&i  indickteJ 
th«  coiii|>letiaii  of  m  bstterv  circuit  through  the  mtniWT  s 
point.  The  divisioc  oti  Ibe  liewd  of  tb*  micrDtneter  correBpoodnl 
til  1/5040  incli,  And  the  size  of  tbe  bead  allowed  of  ma  •:stm>l><« 
af  t«filba  of  •  division.  Suoc«*Hre  mejuurements  did  not  diff a 
by  more  iban  Ij'30000  of  an  inch  wbeii  tbe  point  was  kept  de*t) 
bj  beii^  carefully  wiped  with  filter  paper,  and  BparidBg  int 
pKrented  aa  far  as  pos^ble  bj  iQclnding  a  Isrge  TeaistaBCcin 
the  cinmit  and  breaking  Uii^  circuit  before  mnoring  tbe  point 
from  tiio  mercury  sfl»r  a  reading. 

TIte  tetap«rature  of  tlie  mercury  in  tbe  trough  was  delenniiKd 
t>y  two  thermometere,  one  at  each  eiid  of  the  trough.     A  tliinl 


r 


I  !  ,-■■  % 


1 


Fio.  138. 

OWrvH'    tljermoitjeter   was   placed   between   the    pronga    of    the   speed- 
tioii  of     mensuriog  fork.    Theso  thermometers  wore  corrected  by  coio- 
Toiniwra-   pnnson  at  Kew. 
tiirB  of         To  prevent  warping  of  the  trough  by  change  of  temperature. 
Column,    jj,^  to  make  as  certain  as  possible  IhM  tbe  mercary  in  contact 
"■         with  the  poorly  conducting  wai  sbould  be  all  at  one  tempera- 
ture, the  lemporalure  wa«  kept  as  nearly  constant  as  possible  bT 
snoloaing  tlie  trough,  4c.  in  a  wooden  box  corered  with  felt 
pnper,   and  protected   round   about   with    folt    cnrtnina.      Th« 
til  arm  nine  I  era  were  read  through  windows  in  the  box  by  liWiig 
tbe  ciirUiii, 

Tli«  K»lvi>nomPlBr  used  to  test  for  bfthince  was  a  Thomson 
rflleclinK  gnlvaiiomcter  of  DeH  obm  resiBtsnce,  tbe  needle  of 
wLiub  was  ciirricd  by  n  quurU  fibre  13  iucbea  long. 
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The  ui«  of  rotation  was  placed  at  right  angles  to  tlie  nmgnetic 
nieridiHii,  so  that  the  pliinc  of  tlie  diitli  might  be  in  the  nientlliiD 
and  tliuB  avoid  any  cnrrent  due  to  earth  induction.  When  the 
disk  wag  rotated  wilhout  current  in  the  standard  coil  any  diB- 
pluceraent  of  the  Itglit  spot  could  be  annulled  by  a  alight  movig- 
merit  of  a  conipenHniiag  rnagnet  on  the  table. 

The  bearings  of  the  disk  were  made  as  nearly  as  posHlble 
peifectly  true,  and  were  each  provided  with  a  sight-fe^  hibri- 
calor.  The  disk  was  adjualcd  in  position  in  the  coil  by  nrrung- 
ing  an  ami  to  fit  upon  the  disk  so  that  *  carefully  scraped  face 
on  the  arm  should  be  a  prolonealion  of  the  mean  plane  uf  llie 
diBk.  The  coil  was  iJien  placed  in  positron  so  that  the  outside 
edge  of  this  face  should  travel  round  the  interior  circle  cut  in 
the  mean  plane  of  the  coil  as  already  described. 

The  mercury  trough  was  carefully  levelled  and  adjnsted 
parallel  to  the  bed  of  the  meaauring  machine.  The  last  adjust- 
ment was  made  by  attaching  to  the  movable  headtilock  a  cylioder 
projecting  vertically  downwards  into  the  trough,  running  the 
neadstock  from  end  to  end  and  teating  nt  the  eitremitiea  the 
diatance  from  the  cylinder  to  the  same  aide  of  the  groove  by 
pushing  a  wooden  wedge  lightly  between  ihcm.  Further,  by 
making  the  wedge-reading  the  same  on  botJj  sides  of  the  cylinder, 
the  hendstock  was  adjusted  so  that  when  an  electrode  was  Bub- 
elituted  for  the  cylinder  it  dipped  into  the  medial  plane  of  the 
mercury  column. 

A  alight  direct  effect  on  the  needle  produced  by  the  current 
waa  observed,  and  was  cumpensnted  by  plncing  a  coil  o£  three 
turns  of  the  battery  wire  close  to  the  needle. 

The  insuIslioD  of  the  wire  of  tho  coil  from  the  bobbin  and  of 
the  diak  from  the  axle  were  tested  and  found  eatrafnctory. 

Lord  Rayleigh's  plan  (p.  583  above)  of  taking  two  sots  of  gal- 
vuiftmeter  readings  for  each  ec|uilibrtum  poeition  was  followed. 
One  set  gave  the  change  of  galvanometer  reading  for  reveraal  of 
current  when  the  resiatanco  wub  slightly  below  tliat  reouired  for 
balance,  the  other  set  the  corresponding  change  when  the  reeisl- 
onca  wna  a  little  above  the  proper  current.  To  eliminate  uocer- 
taintieit  owing  to  variations  of  speed  and  of  the  brush  contacts, 
a  nnmber  of  reversals  were  quickly  taken  for  each  reBistonce  and 
combined  to  give  a  mean  result.  The  readings  were  taken 
iritbout  waiting  for  the  needle  to  come  to  rext,  but  elongations 
were  observed  which  with  a  previouBly  determined  damping 
coefficient  enabled  the  petition  of  reet  to  be  calculated. 

The  dimensions  of  the  coil  and  disk,  and  the  calculation  from 
them  of  the  mutual  inductance,  if,  are  given  at  p.  314  above.   It 


Adjust- 
ment of 
the  Diak 


Mode  of] 
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698  ABSOLUTE  HEA8UREMEKT  OF  RESISTANCE 

only  romnina  to  eUle  the  mode  of  reiluction  of  Ibci  obaemttj 

and  Ujc  finiil  rpsult. 
BcJoetioQ       If  PI  und  Jt  be  the  specific  resiatanca  of  mercur7  and  tlie  ciw^ 
of  Raanlts.  section  of  iho  column  at  temperature  I,  nnd  p,  A ,  the  same  quir- 

titiee  at   t6°5,  to  wliicli  tlie  rsBiiIta  weT»  in   iho   RrEl   insluict 

reduced,  L  the  liislance  between  the  eleotcodoH  in  any  eqailibtic 

position,  then 


TBmpcrg' 


Now  if/  be  tlie  frequency  of  the  fork  at  the  at4iiil«rd 
penturo  l£°'fi,  and  /»  tlje  frequency  at    temperature  i, 


^a/,_2/{I+t(tf-l5^-5)} 


JV 


jV 


AUo 


wlinre  t(=  -■OOoll)  was  a  temperature  coefficient. 

where  a  is  llie  temperature  cofifficient  for  the  apecific  resialam 
and  y  the  coefKcient  cubical  dilatation  of  mercury.     Hence 
y_^  ^  2.V/{l  +  tie-\b'5)\  ^  £pil4-a(/-15°-5)! 


If  now  ^v  be  (he  difference  of  two  values  of  r  for  • 
positions  separated  by  an  interval  I, 
p  =  iM/Ai 


it  I 


:  i^yll. 


rvatiuna  were  made  with  the  mercury  at  different 
levels  h'  and  h  to  eliminate  error  from  cnpillnrity.  CalJing  Ih" 
two  values  nf  &r/l  for  these  observations  «',  «,  and  (he  areas  of 
cross-section  of  the  trough  jf',  j/,  we  hove,  if  i  be  the  mean 
brendtli  of  the  trough  over  the  length  used, 
A'-A  =  6{K-h), 
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1MMk--k) 

'^         ly  -  l/«  ^    ' 

and  from  this  tho  ppecifio  resielitnce  of  mercury  at  IS^'S  was 
cakulatod. 

Tbe  coefficient  a  was  obtained  from  the  foimiila 

^," /(.(l  + -0008649/4- ■00000112i»).     ■    ■     (4C) 
given  by  Maecart,  de  Nerville,  nud  Benoit  for  the  resistance  of 
a  column  of  mercury  at  (•  in  n  glaafs  tube.     Thus 
£«.i  =  «,  X  1013676 

ii,-Jf,{l  +  (o-ffl(} (41) 

where    j3    \a    the   coeEBoIent  of   cubical  expansion   of    glues 
(=•000008).    ThuB 

(a-fl)x  16-5  - -013675, 

a  X  15-6  =  -013799. 

This  gave  the  mean  vnlue  of  n  from  0  lo  15°'5  which  was  used 

to  obtain  the  specific  reHJatiince  of  mercury  at  0°  from  its  value 

at  lfi°'6.     The  equation  of  reduction  was  thus 

Phs  =  Po  X  l-O'^ (-t^) 

The  value  of  a  at  15°-6  or  0,4  j  wm  obt»ineJ  by  calculating 
from  (40)  above 

^'  =  l<n  X  (-0008649  +  00000224  X  !5-6) 

=  flo  X  -000899G2. 
But  by  (41) 

f  =  «.(.,...-« 

and  therefore 

dij.j  =  -0009076, 
which  was  ofled  to  correct  the  experimental  results  for  ihe  smdll 
differeoceH  between  15''-6  and  the  observed  temperatures. 
The  final  result  of  five  seta  of  experimenta  gave 
p  =  940G7  C.G.S. 
as  the  resietance  at  0^  C.  of  a  column  of  mercury  one  square 
centimetre  in  croes-Bi'Ction  and  one  centimttie  in  length 
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Vaue  of 
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AcL'ording  to  this  result  the  ohm  is  equal  tu  the  roBiBlance  i 
J-  of  a  poluiiin  of  mercury  106307  centimetres  long  and  ot 
iijUBre  iniDiiuetie  in  eross-section. 

Joule's  method  is  in  principle  very  simple.  Supposin 
Method  of  a  current  of  strength  7  to  flow  through  a  wire  t 
resistance  R  for  a  time  t,  &  quantity  of  energy  yfft  i 
spent  in  the  conductor.  This  ia  expressed  in  ergs  if  ■ 
and  B  are  taken  in  C.Q.S.  units  and  t  in  mean  sola 
seconds  of  time.  If  II  be  the  heat  generated  in  th 
conductor  in  that  time,  then  if  J  be  the  work  equivalen 
of  the  unit  of  heat,  we  have  ^^ 

'fSt  =  JH  ^1 


and 


ii:=. 


m 


The  absolute  measurement  of  the  current  might  b 
made  with  sufficient  accuracy,  though  it  is  of  very  near! 
tlie  same  order  of  difficulty  as  the  determination  of  th 
ohm;  but  there  are  also  involved  exact  calorimetri 
determinations  which  reqyire  great  care  and  skill 
Over  and  above  all  these  is  the  determination  of  tTwitl 
an  accuracy  equal  or  superior  to  that  to  which  it  1 
required  to  find  the  ohm,  say  to  1  in  10000.  Thi 
would  be  a  research  of  difficulty  far  transcending  tbi 
of  the  measurement  of  absolute  resistance  by  most  oUie 
methods. 

For  descriptions  of  other  methoiis,  the  reader  ma; 
refer  to  Wiedemann's  EkktriciUU.  Band  *.  2'"  Abth. 

It  baa  been  proposed  by  Prof   Carey  Foster  •  U 

modify  the  method  of  revolving  coil  by  rotating  th. 

coil  on  open  circuit  and  applying  to  its  terminals  a 

•  B,A.  Report,  1881, 


CoU. 


NULL  METHOD  BY  REYOLVIKG  COIL 

int  when  the  inductive  electromotive  force  is  a 
m  a  difference  of  potential  equal  aud  opposite 
lat  then  existing  at  the  terminals  of  the  coil.  This  ,,  ,  ,  ,  . 
not  be  exactly  the  instant  at  which  the  coil  passes  Revolving  J 
ugh  the  meridian,  as  on  account  of  the  capacity  of 
conductors  a  certain  retardation  of  phase  will  exist, 
his  appUed  difference  of  potential  may  be  that 
ling  between  the  terminals  of  a  conductor  in  which 
rrent  7  is  flowing.  The  current  is  measured  by  a 
ent  galvanometer  of  principal  constant  G,  and 
efore  has  for  absolute  value  B  tan  ajG ;  so  that  the 
ied  difference  of  potential  is  ES  tB.a  ajG.  The 
iced  difference  of  potential  has  the  value  Affio 
^    Assuming  H  to  be  the  same  for  the  revolving 

td  the  galvanometer,  we  have  therefore 
the  mean  radius  of  the  revolviDg  coil,  a'  that  of 
galvanometer,  n,  n,  the  numbers  of  turns  in  the  coils, 
hua  error  of  measurement  of  the  mean  radius  a  is  of 
'.0  the  importance  of  equal  proporiional  error  in  a', 
fce  main  advautage  of  this  method  lies  in  the 
katioQ  of  self-inductioD,  as  the  current  is  almost 
I  at  each  instant.  In  its  practical  use  error  from 
■mo-electric  force  at  the  rtihbing  surfaces,  and  from 
;ualini'uctionbetween  the  wire  circuit  and  secondary 
uits  in  the  ring  currents  would  have  to  be  guarded 


R  =  GAa, 


=  Z-nhin'to  —  cot  « 


'he  method  does  not  seem  to  have  been  applied  to 
implete  determination  of  absolute  resistance. 
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CHAPTER  XI 
COMPARISON  OF  UNITS 

The  experimental  comparison  of  the  ordinary  electro- 
static and  electromagnetic  units  of  an  electrical  quantity 
is  of  great  importance  in  the  electromagnetic  theory  of 
light,  as  it  enables  the  velocity  of  propagation,  accord- 
ing to  that  theory,  of  an  electromagnetic  disturbance  to 
be  determined  numerically,  and  compared  with  the 
observed  velocity  of  light.  To  make  clear  how  the  Ratio  of 
ratio  of  the  two  units  of  the  same  quantity  is  related 
to  the  velocity  of  propagation  of  electromagnetic  waves, 
we  shall  use  here  one  or  two  illustrations  due  to  Clerk 
Maxwell,  modifying  however  the  mode  of  applying  them 
in  accordance  with  the  more  general  theory  of  dimen- 
sions adopted  in  Chapter  VII F.  above. 

It  has  been  shown  (p.  118)  that  the  electromagnetic  Illustra- 
force  acting  on  an  element  cb  of  a  conductor  carrying  Velocity 
a  current  7  in  a  magnetic  field  is  B7  sin  Ods,  if  B  be  the  ®^  IJropa- 
raagnetic  induction  at  the  element,  and  0  the  angle  Electro- 
between  the  element  and  the  direction  of  the  magnetic  "JJI^q^  ° 
induction. 

If  the  fieLl  be  produced  by  a  current  7'  on  a  straight      First 
conductor  parallel  to  da  at  distance  h  from  it,  we  get  by      tj^n  ' " 
integration    of  the    expression   y  sin  O'ds'/r^  (p.    143 
above)  the  expression  2ylb  for  the  field  intensity  at  ds 
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(iijo  to  the  current  7',  if  the  conductor  in  which  it 
he  infinitely  long.  Hence,  if  /i  be  the  penneabl 
the  medium,  the  electromagnetic  forre  on  (£s  is  i/iif, 
and  if  the  first  conductor  be  straight  the  force 
length  A/2  is  fiyy'. 

Now  let  the  quantities  of  electricity  yl,  y'l,  con 
by  the  currents  in  time  t,  be  used  to  charge  two  s 
whoae  centres  are  at  a  distance  r  apart  great  in 
parison  with  the  radius  of  either.  The  electr 
repubion  between  the  spheres  would  then  bo  77' 
if  K  denote  the  electric  inductive  capacity  c 
medium.  If  r  be  chosen  so  that  this  force  is  th( 
as  the  attraction  between  the  conductors  exerted 
length  equal  to  half  the  distance  between  the: 
have 

...  ■-yy''^ 


K 


fik'    t- 

that  ia,  l/\/^A'may  be  expressed  as  a  velocity. 

is  true  whatever  hypothesis  as  to  dimensions  is  ai 
for  /t  and  K. 

This  velocity,  moreover,  is  perfectly  definite. 
if  Pji^  remain  constant,  the  electrostatic  force 
pulsion  between  the  spheres  will  remain  uncb 
while  their  charges  are  increased  at  the  time-rate 
respectively;  and,  therefore,  l/\//iAr  is  equal 
velocity  with  which  the  spheres  must  be  separa 
order   that   their  mutual  repulsion  may   then  1 


WL 
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squal  to  the  force  of  attraction  on  a  length  of  either  of 
the  parallel  conductors  equal  to  half  the  distance  he- 
bween  them.     It  has  been  shown,  p.  200  above,  that 

1  ^KfA  is  the  velocity  of  propagation  of  an  electromag- 
netic wave  in  an  isotropic  insulating  medium. 

If  now  we  denote  by  v  the  ratio  of  the  electromag-      units 
netic  to  the  electrostatic  unit  of  quantity,  the  charges        of 
on  the  spheres  expressed  in  ordinary  electrostatic  units  coiISdered 
are,  if  7,  7',  now  denote  the  ordinary  electromagnetic       **  * 
measure  of  the  currents,  vy,  vy\     Hence  the  force, 
between  the  two  spheres  is 

K^  ' 

where  K^  denotes  the  specific  inductive  capacity  of  the 
medium,  defined  in  the  ordinary  way  as  the  ratio  of  the 
electric  inductive  capacity  to  that  of  the  medium  of 
reference  (air  or  vacuum  for  example).  But  if  yL^  denote 
the  ordinary  electromagnetic  value  of  the  permeability 


that  is 


or  by  (1). 


If  the  medium  be  air,  for  which  A',  =  1   /i^  =  1,  we 
have 


C0MPABI50K  or  VSltS 

or  r  is  equal  to  the  velocity  of  propagation  of  an  el 
loagoetic  disturbance  in  air. 

The  following  iltustratioa,  also  due  to  Maxwell,  gire 
markab1«  physical  meaning  to  the  velocitv  1/ v/tA'of  pi 
tion  of  an  eleccroiuagnnic  disturbance.  In  the  first  put 
assumed  (hat  an  electrifietl  surface  in  motion  maj  be  re 
as  eiiuivaleot  to  a 
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affecta  a  magnet  properly  placed  in  its  vicinitj,  a 
nta^le  measuronients  of  the  magnitude  of  the  effect  produi 
ConaideritiK  then  a  plane  suiface  of  inJelintte  exl«iitele 
to  a  surface  denifty  v  taken  iu  anjf  chosen  Bystem  of  uti 
have  ucr  as  the  measure  of  the  convection  current  tiera 
breadth  at  right  ang'lea  to  the  direction  of  motion,  tf  « 
velucity.  Let  now  another  surface  parallel  to  tlie  fiivt  K 
dintince  i  from  it  be  electrified  to  a  unifono  den«itf  i 
move  with  veiocity  u',  in  the  Bama  direction  as  in  tlie 
cise.  A  current  in  this  case  of  strength  u  V.  per  noil  of  ( 
of  the  electrilied  surface,  may  bo  regarded  ub  ttuwing  par 
llie  former  current. 

The  two  surfaces  will  repel  one  another  electrostatically 
tract  one  another  electro  magnetic  ally.  The  electroetatic 
«ion  between  two  elements  of  surface  dS,  dS\  at  distal 
o-rfi'.n'rfS'/AV,  and  integrating  over  the  first  eurfnce  ' 
Zntra'dS'lK  for  the  resultant  fon-e  on  an  etetnent  dS 
seci^nd  surface.  Hence  the  force  over  unit  area  is  Sfrsv*/ 
Tlio  electromagnetic  force  between  the  two  plane  i 
sheela  can  be  fuiind  as  follows.  Consider  two  narrow  at 
the  two  plane.i  in  the  direction  of  motion.  Let  dt,  i^,  b 
breadlhs,  and  i*  the  dietanco  of  the  second  atrip  from  i 
coinciding  with  the  first  strip,  and  cutting  (lie  two  niovinf 
surfiices  at  right  angles.  The  distance  between  the  two  s 
Jji  -*  z".  The  Bltraction  between  them  is  i^trJx.S 
JA'  1-  i'"  per  unit  of  length  of  eitlier.  The  total  attr 
F  say,  per  unit  of  length  on  the  strip  of  breadtli  dt,  is  i 
angles  to  the  planes,  and  can  be  found  by  resolving  the 
tion  just  found  in  that  direction,  and  integrating  from  i'  ' 
to  j'  —  +  «o,     Thus 


F  =  2^v. 


a'td: 
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Thus  the  electromagnetic  attraction  on  unit  area  of  eitlier 
>]ane  is  2nfiuu'<r<r', 

If  the  electrostatic  repulsion  be  supposed  to  balance  the 
lectromagnetic  attraction  and  u  be  taken  equal  to  u',  we  get 

— ^-  =  2nfJiU*a<r 
A 

>r 

^'  =  \     w 

/iA 

Thus  the  velocity  of  propagation  of  an  electromagnetic  disturb- 
ince  in  the  medium  is  equal  to  the  velocity  with  which  the  two 
>lectrified  planes  must  move  relatively  to  the  medium  in  order 
that  there  may  be  no  mutual  force  between  them. 

It  has  been  shown  above  (p.  535)  that  v  may  be    Methods 
obtained  from  the  ratio  of  the  electrostatic  and  electro-  mining  v, 
magnetic  measures  of  any  electric  or  magnetic  quantity. 
It  has  been  found  experimentally  in  at  least  six  of  the 
following  different  ways : — 

I.  By  measuring  electrostatically  and  electromag- 
netically  a  given  quantity  of  electricity. 

II.  By  measuring  electrostatically  and  electromag- 
netically  a  given  difference  of  potential. 

III.  By  comparing  the  value  of  the  electrostatic 
capacity  of  a  given  standard  condenser,  obtained  by 
calculation  from  its  dimensions  and  arrangement,  with 
it?  capacity  in  electromagnetic  measure  as  given  by 
experiment. 

IV.  By  comparing  an  electrostatic  capacity,  obtained 
by  calculation  as  in  III.,  with  the  self-inductance  of 
a  coil. 

V.  By  determining  (in  either  system  of  units)  the 
product  CL  of  the  capacity  of  a  given  condenser,  and 
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Uie  aelf-indoctauce  of  «  given  coil,  and  compariog  U» 

Ivitb  the  product  of  the  electrostatic  value  ^  oftbf 
capacii_r  aud  the  etectnunsgnetic  value  L^  of  tiw  sil^ 
inductance.  [Tlie  product  CL  is  the  same  in  both 
systems  of  units.] 
TL  By  measuring  electrostatically  and  clectronag^ 
Deticall;  a  given  resistance. 
VIL  Bt  observation  of  the  period  of  oscillatory  dii- 
charge  of  a  C'^ndenser  of  known  capacity  (in  electrostatlP 
onits).  through  a  circuit  of  known  self- inductance. 
^*P*^-  The  6rst  attempt  to  determine  r  wae  made  by  Wtbvr 
Webcund  and  Kohlrnusch,  who  employed  method  I.*  A  Leyden 
h  J"""  *'''*  ^^I'Sig^"^  ^**  "  pot-ential  measured  electrostatically 
by  means  of  an  electrometer,  and  was  then  discharge-i 
thrijugh  a  ballistic  galvanometer,  which  measured  bv 
the  throw  of  the  needle  the  quantity  of  electricity  wiili 
which  the  jar  was  charged.  This  quantity  was  knowu 
in  electrostatic  measure  from  the  measured  potential 
and  the  capacity  of  the  jar,  which  was  obtained  bv 
comparison  with  that  of  a  sphere  insulated  at  a  distance 
from  other  conductors.  The  value  obtained  for  r  was 
31,074,000,000  cms.  per  second. 

This  deteiraination  cannot  be  regarded  as  one  of  hJgb 
accuracy,  chiefly  on  account  of  the  un suitableness  of  a 
condenser  with  a  solid  dielectric  for  exact  experimeot. 
The  construction  also  of  absolute  electrometers  for  exact 
work  had  not  then  been  brought  to  so  high  a  pitch  of 
excellence  as  has  since  been  reached. 

A   determination  by  this   method    with    the   moal 

*  AhK  d.  KSninl  Sa<ht.  a«*.  d.  Wimta.  ISGS. 


1  appliances    lias    since    been    carried   out    by  Bowlnnd'a 
Bowland  at  Baltimore,*  and  of  this  we  give    menu, 
re  detailed  account. 


Bctroraeler  eiiiptoyed  was  no  absolute  iustrument  made 
s  guard-ring  principle.  Tlie  protected  ttisk  wna 
diameter,  nnd  was  suspended  in  an  nperture  in  tlie 

„     '.  1  tnm,  presler  radius. 

iam«tere  of  Ihe  gunrd-plnto  and   altracting-pkte  were 

oruB.  The  mrfaeeB  were  atl  nickel  plated,  and  worked 
that  the  distance  between  the  surfaces  could  he  accn- 
ond.     The  disk  could  be  adjusted  in  ihe  plane  of  Ihe 

g,  and  the  allracting-plnte  and  disk  to  parallelism,  tu 

External  action  was  screened  from  llie  disks  by  u  case 

ilected  disk  vim  hung  from  one  ann  of  a  sensitive 
ftDd  the  esuct  position  of  the  beam  was  observed  hy 
f  iL  hnir  moving  in  fiont  of  a  scale  in  the  manner 
I  above  (Vol.  I.  p.  263). 

Mclutl  lite  of  the  electrometer,  since  the  suspended  disk 
t  be  in  stable  Di[uilibriLim  under  the  action  of  cleclro- 
U-uclion,  its  swing  was  limited  to  a  range  of  jV  mm.  on 

of  the  siglited  position;  nnd  the  utlracting  pTule  then 

Rtwo  near  positions,  for  one  of  which  tlie  plate  rose 
sighted  position,  for  the  other  fell  below  it.  The  mean 
BB  taken  as  the  reading  for  the  position  of  the  attruct- 

tho  distance  of  the  electronietor  plates  aporl,  to  the 
n  the  balance,  and  S  the  area  of  the  disk,  we  have  (^e 
68)  for  the  electrostatic  measure,  y^  °^  'he  difiecence 
tinl  between  them 


formula  giren  by  Maswoll  f  for  the  effeelive  a 
I  disk  of  radius  fl,  in  an  opening  of  radius  Ji', 


-  (A-  -  J)  (log  2)/,  =  -221  (ff  -  .SJ  n 


Delaila   of 


i 

I 


Mode  of 


IB 


'lenser.      |,„ng  concent ri cally  u 

IS  inner  sjilierrs,     Tfi 

(letoriMidiriff  tl.n  di,„n( 

nnd  ivM  50-069  C.G  8 

or  smaller  inner  snlie 

^Z"-        ^■'"'«'"vano„,.,i;. 

"e""-.     constructed  ond  cnrel 

coils,  each  of  about  6 

wire.    These  were  fixe 

J.  lie  needle  was  surroui 

Deter        *'*^f."«taUo  action  of  t 

ijeter-  The  constant  of  tliii 

Tj^r    P«ri«)n  with  the  galva 

GaUauo-  "  "f  ''y  '"Mauremenl  ( 
meter,  ""  *' metrodynamometer 
Jil^i*  fP-  ^■'8)  1832-66 
18.53-19  M  before.  Tl„ 
vanoroeter  to  this  was 
bidliatic  galv-anoraeter  u 

including  the  factor  for  : 
Deter-  An  absolute  electrodv 
mmation  principle,  similar  to  that 
nJ-f^    hf"*  the  directive  fome 
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k  H  Hoea  not  affect  it,  or  readioga  be  t«ken  bo  us  to  eliminate 
tlie  same  current  pass  through  both  coils,  we  may  write 

-,  =  e-JF-J^i^,       (8) 

jPis  the  coefficient  of  ain^,  in  tlie  couplo  applied  by  the  by  E 

(3  being  the  angle  through  which  the  aiisnanBion  head  is  ploy^ 

to  bring  the  suspended  coil  back  to  paraJleliBm  willi  the  "^  "■'' 

0  coil.     But  it  i»  clear  that,  if  vil^  ha  tlje  moment  of  inertia  ,  ' 

ij,    by   the   theory   of    simple   liarmonic   motion   we  "J"' 

=  -  ^IT,  and  (j"  =  -  f  Bin  &imk\  so  that  "^ 


\/  F  = 


\,  including  Sir  in  the  oonsUnt  c,  we  have 

y-'^JS^a (9) 

e  elect  rod  j'namometer. 

un  of  e  was  calculated  from  the  porticulara  of  the 

L*ri«  Coil*.  SuipeDdsd  Colli.  i 

I  Mean  radius 13 '741  cms.       2760  cma.  "t  KH 

I  Mean  distance 13-786     „          2-707     „  ,'">■ 

\  Itadial  deptli -84    „            -41    „  ■1/°"' 

Asial  width -86    „            "38    „  ™"'* 

No.  of  tnms 240  126 

From  which  by  (10)  p.  368  above,  and  the  valuea  of  Gi,^,,  given 
"t  p.  269 

c  = -012914.* 


To  verify  this  constant  a  circle  80  cms.  in  diameter  was  made 
..'.1  used  as  the  coil  of  a  tangent  galvanometer.  The  ballistic 
LMtvanbineter  was  aet  up  so  thai  its  needle  was  at  the  centre  of 
This  circle,  and  acted,  wnen  required,  as  the  Buapended  needle  uf 
liiB  tangent  galvanometer  of  which  the  circle  was  the  coil.  The 
current  from  the  electrodynamometer  was  passed  through  the 
'ircle,  and  the  borizonttil  field  intenBity  H  deduced  from  the 

*  This  is  doEible  the  value  given  by  Prof.  RowlunJ  in  hia  paper. 
The  full  ptsriod  of  vibration  appears  in  cqaation  {!),  wLereaa  Prof. 
Kowland  osed  the  half  period. 

R   E  2 


M 


\  • 
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pilvaiiometor  deflection  niul  the  current  as  given  by  tl 
tlynaiuiinioter.  The  value  of  II  was  found  also  by  ihc 
motlmd,  and  the  two  residts  were  found  to  differ' !»v  u 
1  ill  10'.H.».  Thus  the  tangtiit  palvnnoiueter  >?.iveif; 
an  1  ihe  nu-.iii  •0X»4j4  of  this  and  the  fonn?r  result 'w a 
Tiic  ni«»nient  of  inertia  hd-  was  found  by  placing  \ 
ditfiTi'Ut  distances  al'.»n;^  a  tube  passed  throu;:h  the  o..t 
.--u-ii-inib"!  C'i!,  anil  observing  the  peritid  t»l  free  swi 
coil.  It  wa:>  thu^  found  tint  /./X-  =  826'C  in  graiijuie-c 
units. 

Thi'  value  of  //  at  tlie  needle  c.f  the  ballistic  g-ilv 
\va>  fo::n  K  when  reiiuircd.  by  sending  the  same  ciirrcii 
x\\o  dyn.tuionu-lcr  ami  the  galvauunicler,  observing  tl 
linns  in  li:e  two  cases,  calcul iting  the  value  of  i\\\^  k:\\t 
I  IK-  liethctinn  from  the  former,  and  hence  deducin;! 
t  iiii^cnl  galvaui^iurter  forninla. 

T!i'*  ii^:'.li':;>tT  was  ehargfd  by  b.Mn<r   oi»nn»'Ctod   t- 
I  !..'ivu' ■■  1  1  .:;-:v  -  f  I.fvden  i  irs.     This  l»atit.-rv   w;.>   I- 
i.'.ti.i   !■»   li.i-  cl.i  troim-ler.      Ihe   potential    readii.i: 
.:'>o:\i  i.  ili-n  ti:«.*  b  sttoiy    coimccttMl   to   th,*  i.'.itliIi.:.-, 
ii.«^:  iT.:,  ..::•:■  vJii-li  thi-  cori'Kii^tM- was  «li-ioi;i..-,.t..  J 
l.-y  i   :.  ;i-.  i-.:;t.  :\  a::-l  ili«.ri:a:\i:c«I  liiioi:;«'h  tin-  f..i!.i-i:.- 
I.I- :■  r.      !'..:«»  wa-;  i-p-alcil  1,  *-i,  .'», -1,  «»r  0  tinn'v  i:j  m;  .. 
li.  il  i!.'  u  :  ^    r.  -^i.-'UT  re^-i-ivoil  that  iiinuluT  i-f  \i.\y  i;.-.. 
i:ir';!>""»  i:.  ti.i-  s.iir.-'  »lir«'ttion  ln-foir  it  hixi  m.:vrii  f  .i 
ji  v'.tj.'!   ..f  I,  >:.      I'll-   reading  of  th*''   lo^iii.-n   ^f  t.'i- 
I:.*'.!  :  atli    ■  !i'  lT  <ii^I\.  wa^  .ijLT  tin  ta'.vfii  after  till- M-rii.«. .  i  i 
o'l   li.s  ■  !.•.  .  :-n.:i  of  ih«f  hiltery  from  tin*  iMiai   j;.-.r. 
^';::l.!'.v   !•--  \'..v.:   I»  t'-r**  <'f    course.     ('oriiMti^>:i-.    f  •:■ 
l>!  4t'.iii''iit-  !'{'  til-  iif.'.i;«.-  tVoiii  /ato  at  tl.c  tinu--*  i.-f  tlic  >•: 
iiiijni.s  -s  \\.ii'  ca!«';l  ;t''il  aiul  apj'lic*!. 

Till-  III  !t.  ol'  i!.  ■  rli'i'ir 'iiM't'-r  rcailin.^'^  b- fo;i-  i:..| 
"ir.'jf  I"  ii.'>  .  .:  _"  •  \v.i>,  \\\\\\  .i  <  '"rr'MtH'n,  ta  <v\\  .-  «•  i  :..•  i  ■  •■ 
i:.i!  ili-'ii  l:  L  -.  Tills  i-i  rt.'.ii..):i  a:o>  •  fiom  tl...-  i'-.  :  \ 
first  r.-.nii:  _:  \v..- i  i^ii 'r  Uww  that  for  tiie  p  't-  uti-il  ifii. 
l»y  a  c<T!  liii  Mti.i'l  .iiiuniM  iliju'inlinir  on  thi-  ra|M.  i;:>' 
li.ilt'-ry  ">f  i.i:^  .iri.i  tin- ••■>!i.i,';>.'r.  It  w;i<  <.bt;i:;-.  .i  i.\  \\ 
\'\'^  \\\v  ii;  ■.'.  i.-.i.iii:^  .'  if  lii-i  iii<e  I'l-twii-::  ih-  ]!i: 
I'l'tor  1  -  '"I'l."''.  V.  iiru  t!;*'  l-.riT"!"  '•pin-i'''  w..^  i.^r-.l  \\  \ 
d.-ii-f-r,  :.!i  i  I'N  till-  f.u-ii'r  1  ■■  •(.)  H.'S  wli-'U  tin-  si.i.\';.r 
was  lis  -d.     'J'. I''  oili.-r  M-rirs  wiMt-  simiiarlv  «-««!to.-Ii-«!. 

A  corri'ti-'ii  was  apj.licii  f>r  ihr  time  (M-.-ujii- i!   i.'i   ],i 
ill,.  S''ri»s  of  iiiij'ii'si-s.     'rin\  w.i.,  i-:iloiilali-'i   a:  p:i  \i:u 
tilt-  sii|'l'-"i' '■•■'  '^'•^'  ^''''  tinii*  !■•  iwcfri  "ii«-  i;ii;'u,"-i.'   .-i:.-!   t 
wn-  ^      "  «'  -■.■C'-nd,  aiul  witii.iit  taking'  into  a.c«)ant   tii.- 
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Uion  of  the  mngnet  relatively  to  the  coil  or  the  induced 
1  of  tbo  needle.  The  inclioiilion,  however,  of  the 
[net  to  the  plane  of  the  coil  would  cause  the  inipnUive 
I  needle  to  bo  less  for  impu'sfs  Islpr  than  tha 
,   wbilo  tlie  induced  raiiEnelizution   uf  tho  needle 


a,ve  on  oppceite  effect, 
in  by  experiment  that  no 
refinemenlB  of  correction 


i  inolination 
fie  to  the  conch 
1  neglect  of  the 

nie  principnl  equations  i 
|pe,  and  others  obtained 

nt,  the  bnllistio  galv-inometer  eijualioa  for  the  qu 
Rlectrora^^netic  units},  of  electricity  discharged,  i» 


n  reducing  the  results 


ren>(7) 
itity,  Q 


nr 


(l  +  4X)  a 


(   Clio  hollistio   deBection,  correeted   for   everything 
fept  llani[iing. 

Tut  if  Ct  bo  the  capucity  of  the  condenser  in  electrostatic 
■  I,  and  if  the  number  of  diaciiargen, 

Q  =  N^j£.: (II) 


F 


II  waa  obtained  from  the  coust&nt  current  metBured  by 
dyuamoirieter  while  it  tlowed  round  the  80  cms.  circle,  at  the 
Ire  of  which  the  ballittic  galvanometer  needle  waa  situated. 
IB  denoting  by  0  the  defteciion  of  the  needle  produced  by  the 
^tant  current,  by  r  the  radiua  of  ihe  large  circle,  and  by  6  the 
aoce  of  its  plane  from  the  centre  of  Ihe  b'tllistic  needle,  we 
.n  t>v  (9)  and  the  elementary  theory  of  the  tangent  galvano- 


../i» , 


('■+*')i„ 


I  (10),  e<iuating  to  (11),  and  e 

(r»  +  6Vf?.V^,P.tan0 
i^c-Jmk'~em'ff  (1  +  U)  sin  i 
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n-herc  V,  is  given  by  (7),  Anil  C,  l>y  llie  ditnana 

Ditauo- 

TIio  approximate  eqaatiou 

tlou  of 

tiona  rroni 

2.1n!.-i|(.-iS).    .    . 

waa  used  to  lind  (lie  value  of  ein  ^B  from  tlie  observed  defl 
*  aod  the  aoale  distance  A  TIjis  approximation  is  easily  ob 
a  follows  :  aince  ^ 

a/2)  =  t»n2fl  =  2Bmtfco3fl/(l-2sii.W),       I 


Putting  »\n6  =  \ijD  on   the  right  tbe  oquition  be 
approximately 

or 

'       -Z'V         -^'^-/l-sin'ifl 

In  tiiR  Uat  factor  on  the  right  which  is  not  very  differen 
unity  sin  \6  may  be  put  equal   to  8/4/).     The   equatior 

tan<^  was  caloii 
value  of  tan  3^  gi' 
I  the  mirror,  ao  thi 

'■•*-'^(--'|h+»];;) 


The  value  of  tan^  w. 
mation  from  the  value  of 
of  the  scale  from  the  min 


Icuialed.by  s 

P  gii-en  by  9,  and  the  distai 
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The  fcjUowinLC  are  the  results  ohtaincd  :  — 


Number  of 
Discbarges. 

Mean  result  m  cms. 
per  second. 

Number  of  results 

of  which 
mean  was  take  n. 

I 

2 
3 
4 
5 

298-80  X  10« 
298-48x108 
297-26  X  108 
297  15x108 

296-69  X  108 

9 
5 

• 

0 

5 
5 

To  these  were  given  weights  inversely  as  the  number  of  dis-       Final 
charges,  except  in  the  case  of  the  first  which  was  given  twice    Resolti 
the  weight  of  the  second,  on  account  of  the  larger  number  of 
observations.  Thus  the  iinal  result  obtained  was  v=2'9815xlO^^ 
in  cms.  per  second. 

Determinations  by  method  II.  which  is  due  to  Lord 
Kelvin  (Sir  W.  Thomson)  have  been  made  by  Lord 
Kelvin  himself,*  Mr.  D.  McKichan,f  F.  Exner,J  and 
Mr.  R.  Shida.§ 

A  current  is  made  to  flow  through  a  coil  the  absolute  Lord 
value  B  of  the  resistance  of  which  is  known,  and  the  Methoi 
current  is  measured  electromagnetically  by  an  absolute 
current-meter,  while  the  difference  of  potential  between 
the  extremities  of  the  coil  is  measured  by  an  absolute 
electrometer.  If  V  be  the  difference  of  potential  in 
electrostatic  measure,  the  work  done  in  the  passage  of 
one  electrostatic  unit  of  electricity  is  V.  But  one 
electrostatic  unit  of  electricity  is   1/v  of  an  elettro- 

♦  Phil.  Trans,  B.S,  1868, 
t  Ibid,  1879. 
t   Wien.  Ber.  86,  1882. 
§  PhU,  Mag.  10,  1880. 
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iQogiietic  unit;  and  if  7  be  the  measured  cum 

time  t  taken  for  a  quantity  l/v  of  electricity  to 

J/vy.     Hence  the  work  done  in  the  condud 

ia  yRlv.     Thus 

yR 
v  =  -^.     .     . 


The  result  therefore  involves  the  absolute  l 
resistance  E  in  electromagnetic  unit^.  Now 
earlier  experiments  by  this  method  the  resi&Lnr 
conductor  was  not  known  with  accuracy,  and  the 
are  unreliable,  uuless  some  means  exists  of  con 
the  values  of  R  which  were  uaeJ. 

Lord  Kelvin's  first  result  (ccrrected  for  the  1 
the    B.A.    unit)    was    2-808  x  10*"    cms.     per 
Mr,  D.  McKichan's  2-896  x  lO*"  cms.  per  secoi 

Shida's  determination  was  made  later  anc 
V  =  2055  X  lO'"  cms.  per  second.  The  diffen 
potential  at  the  terminals  of  a  battery  of  lar, 
Daniell  cells  was  measured  by  a  TJiomson's  a 
electrometer,  while  the  current  maintained  i 
battery  through  a  tangent  galvanometer  was  me 

In  rcdiioing  lila  reHalts  Mr.  SliJila  multiplied  botli  nu 
ami  denominator  of  (16)  by  Ilia  factor  (It  +  t)IR,  whe 
the  resialnncB  of  tho  ballery  and  conneelions.  On  tiiia 
tlie  aCQurncy  of  tlia  result  u-aa  mistakenly  called  in  q 
For  Iliongli  the  factor  R  +  r  waa  of  uncertain  value,  ita  ii 
lion  in  both  □ninerator  aiii]  dcnoiiiinnlor  could  in  no  wh 
the  value  of  the  ratiu  yH/V.  The  real  ground  for  un& 
lay  in  the  constructioa  of  the  tangent  galvanometer,  wliii 
barely  work  up  to  the  degree  of  accumcy  re(|uired. 

A  nieasureineiit  of  v  wna  made  by  Ihia  method  a^ain 
by  Lord  Kelvin,  who  uaod  an  improved  absolute  elcctroi 
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his  own  invention ;  but  the  details  of  the  investigntion  do  not       Lord 

seem  yet  to  have  been  published.     The  result  obtained  was  Kelvin's 

^  ^  later 

V  =  3*004  X  10^^  cms.  per  second.  £zperi« 

meiits 
Exnei's  result  obtained  by  a  modification  of  this  method  was 

wiih  the  value  '941  ohm  for  one  Siemens'  unit,  2  92  x  10^  cms. 
per  second. 

Another  form  of  this  method  has  been  given  by 
Maxwell,*  and  used  by  him  in  a  determination  of  v.  Method 
The  electromagnetic  repulsion  between  two  parallel 
coils  produced  by  the  same  current  flowing  in  opposite 
directions  through  them,  was  balanced  by  the  attraction 
between  two  disks  to  the  backs  of  which  the  coils  were 
attached,  and  between  which  a  difierence  of  potential 
was  produced  by  another  current  the  ratio  of  which  to 
the  former  current  was  known.  One  of  the  disks  was 
the  protected  disk  «f  a  Thomson's  guard-ring  condenser, 
and  to  the  back  of  this  one  of  the  coils  was  attached 
directly :  the  other  ooil  was  carefully  insulated  from  the 
attracting  disk  by  a  plate  of  glass  and  a  layer  of 
insulating  material. 

The  apparatus  is  shown  in  Fig.  139,  and  shortly  described  in 
the  list  of  references  attached.  Tiie  small  disk  (diameter  four 
inches)  and  attached  coil  were  cariied  at  one  end  of  a  torsion 
balance  suspended  by  a  No.  20  copper  wire  from  a  graduated 
torsion  head  movable  by  a  tangent  screw.  The  disk  and  coil 
were  protected  by  a  cylindrical  brass  box  7  inches  in  diameter, 
one  end  of  which  formed  the  guard-ring.  The  disk  carried  on 
the  side  towards  the  interior  of  the  box  a  g!ass  scale  divided  to 
Y^  of  an  inch,  which  was  viewed  by  a  reading  microscope  fixed 
un  the  outside  of  the  box. 

To  eliminate  the  turning  couple  due  to  the  earth's  field  a  coil 
was  attached  to  the  other  end  of  the  balance,  and  connected  with 
the  first  coil  in  such  a  way  that  the  current  flowed  through  the 
coils  in  opposite  directions. 

•  Phil,  Trans,  R.S,  158  (1868),  or  Rep,  of  Papers,  Vol.  II.  p.  125. 
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T!iB  uttracting  disk  (which  wns  6  inches  in  diaroetar)  wM,»i[.i 
itB  allBchod  coil,  on  a  slide  wuiked  by  a  micromeler  eo  that  Ilic 
diatiince  of  the  disks  could  be  varied  Bad  measured.  Tlie  plauv 
of  thia  disk  waa  adjusted  parallel  to  the  guard-nog,  wlijcli  «■> 
placed  eaactly  vertical  by  means  of  adjusting  Hcrews, 


id  uid  Usgent 


The  graduations  of  the  glass  scale  and  the  micrometer  wtn 
compared  by  pressing  the  suspended  disk  forward  bj  a  ligbt 
spring  against  the  large  disk,  and  then  working  the  screw  bo  u 
to  send  the  small  disk  back  towanis  tlio  piano  of  the  guard-rinK, 
while  readings  of  the  micrometer  weta  taken  for  auccesaive 
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iH  of  the  glass  scale.  Tliis  motion  was  quite  regular  until 
the  large  disk  came  into  contact  with  the  guarii-riDg  at  one 
point  It  was  found  then  that  a  motion  of  about  ^q^  of  an  ini-h 
BiifSced  to  bring  the  whole  of  the  guard-ring  inlo  tontsct  wiili 
the  large  dish. 

When  the  smalt  disk  hod  thue  been  brought  into  the  plane  of    Ailjuat  ' 
the  guard-ring,  the   reading  microscope    bad    its    crose-wiri'e    ment  of  ' 
focUBaed  on  a  known  division  of  the  glosg-scule,  and  two  pieces      tJuord- 
of  silvered  glass  were  filed,  one  lo  the  hack  of  the  gunrrf-ring-,     ^i"K  >nd 
the  other  lo  the  back   of  the  suspended  diak,  so  that  when  tlie     ^"^  ^ 
disk  and  guard-ring  were  in  one  plane  these  mirrors  were  aluo,     Loplan- 
aod  gave  a  continuous  image  of  objects  in  front  of  them.     This       "''   ' 
arrangement  gave  a  test  of  coplanarily  of  the  surfaces  to  ^^ 

The  torsion  wire,  which  was  of  soft  copper  stretched  tostraiglit- 
nees,  seemed  in  great  measure  free  from  imperfectness  of 
elasticity.  The  torsion  balance  could  be  adjusted  by  moving 
the  supporting  pillar,  which  could  be  ndjusted  and  clamped  in 
position  by  screws  at  its  base.   The  balance  itself  could  be  raised  ' 

or  lowered,  turned  about  any  horizontal  axis  by  allding  weights 
attached  to  it,  and  about  the  axis  of  suapeaeiun  by  the  torsion 

A  lorge  battery,  the  property  of  Mr.  Oaasiot,  containing  S600    Arrang 
cells  charged  with  bichloride  of  inercury,  was  used  to  electrify     ment  ( 
the  disks.    One  terminal  of  tlie  battery  was  connected  through  a   Cnrron: 
key  with  the  large  disk,  the  other  with  the  cose  of  the  Instru- 
ment, and  the  circuit  between  was  composed  of  u  large  resist- 
ance of  over  a  megohm,  in  series  with  one  (hereafter  called  the 
first)  coil  of  a  standard  galvanometer  shunted  by  a  coil  of  resist- 
ance S. 

A  current  was  sent  from  another  battery  through  a  second  coil 
of  the  tangent  galvanumeter  (in  the  direction  opposed  lo  the 
Other  coil),  through  the  coil  behind  the  large  disk,  and  thence  Co 
the  suspended  coils  by  the  suspension  wires.  A  common  con- 
DOcUon  waa  given  to  earth,  the  cose,  and  the  Other  electrode  of 
the  battery,  by  a  copper  wire  hanging  from  the  centre  of  the 
t<>raion  balance,  and  dipping  into  a  mercury  cup. 

When  the  suHpendod  disk  was  ot  rest  at  aero  the  battery  con-  Mode  ( 
tacts  were  made  simultaneously,  and,  according  as  the  suspended  Kiprri 
disk  was  attracted  or  repelled,  the  other  was  moved  farther  from  mentiDg 
or  nearer  to  the  suspended  one.  It  was  necessary,  on  account  of 
the  instability  of  the  small  disk,  when  at  the  zero  position  under 
the  action  of  the  electric  forces,  to  work  the  micrometer  disk 
gradually  up  by  successive  trials  from  a  distance  initially  too 

fftt,  making  contacts  as  zero  was  approached,  bo  as  if  possible 


MMt,  n 


OMtMMBOSVf  mtS 


I 


■  ifr  Hi  m  c»m  I  1*1^  I  -  1 1 1  ■  I  byOftmt 
tac  ndh  m  **  MmB*,  «Mnc^  ««■  sat  tkiw 

I'l  g  rf^nJiiiiiBiiMi  rtiMihiB  iri  I  iriMiiii 
J,  '      '  — . » ■    -•-  j^    ■ 

b«»rf^fctcia«f  tfceffjTMweluT  and  u  M 
■nf.    Tte  iHtcrmiMMK  «a*  ««(M  ittUil  Ihe  «l 


»  nAw  of  tbe  KBall  one,  uJ 
~  ■  htgKn  then  «as,  deari j, 

Tie  irpalvoa  Letwetn  tlie  Ivq  coOa  ia  -j^lfl/g,  H  f 
rstnxt  in  cub,  f  tbe  il  .«ikace  ■pail  of  ibeii  mean  plat 
Jf  tL«ir  BMna]  xDjatttO''*.     TLua  s«  bare 


Bat  tJie  diffeiNM  «f  potetttiat,  F,  between  ifae  di^kt 
duccd  lif  tbe  largv  battery,  wbteh  BeDoa  a  ciirreDl  y,  tliroi 
resUtance  ft,  and  a  rniTVDt  yxS/(G  ■(■  S),{=y',  Bay),  throi 
fint  coil  of  the  galranometrr,  if  G  demote  the  n.-sistfliice 
caU.  UcDoe  if  fbetbeclectrvnugnetic  measure  of  ihisdif 
of  poteDttal 

GS 


-(^  +  sf-> 


Again  if  fj,  F^,  be  the  niagoetic  forces  produced  at  the 
hy  unit  current  in  llie  two  coils,  we  liavo  F^y  —  i 
F,y,SI,a  +  S)  =  Fit.  Bui  if  in  the  cotnparieon  of  the  m. 
forcea  which  wna  iiiiuie  j',,  y'p  denote  llie  ciifrcnlg  in  ti 
coil",  /'V,  =  ^j/j,  and  by  the  arrangempnl  ff  the  i 
i!?  +  '^Vi  =  3l(/^-  y\),  Fo  that  /■,//',  =  31/(0  +  J" 
"  '    ■  -    ■    ■  '  [oalion  gives 

31 


ud,a; 
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and  (18)  becomes,  with  this  value  of  y^ 


^-(f +  ^+^)« 


31 


+  S'  +  3i 


(19) 


But  if  -yw,  y$f  denote  the  electromagnetic  and  electrostatic 
values  of  the  same  current,  Eym  —  Vy%  since  they  denote  the 
same  rate  of  working  :  and  we  Imve  vym,  =  y*.  Hence  V  =  JE7w. 
Substituting  this  value  of  Vw,  in  (17)  with  that  of -E  given  by 
(19),  and  solving  for  r,  we  get 


V  = 


1     /iZg 
2  ^~l  \  '8 


+  11  +  0 


h 


31 


+  y  +  31  ^ 


^    ax 


(20) 


Final 
Result. 


The  value  of  dM/dx  given  in  terms  of  elliptic  integrals  at 
p.  402  above  was  used  in  the  calculation  of  v  by  this  fornmla. 
The  numbers  of  turns  in  the  coils  were  144  and  121,  and  their 
mean  radius  was  1*934  inch. 

The  mean  of  17  experiments  gave 

V  =  2-8798  X  W^,  in  cms.  per  second, 

on  the  assumption  that  1  B.A.  unit  was  10^  C.Q.S.  The  corrected 
result  is 

t;  =  2*841  X  10*'',  in  cms.  per  second, 

If  1  B.A.  unit  be  taken  as  '98674  ohm. 

Method  III.  has  been  used  by  Professors  Ayrton  and  Perrj*,      Third 
J,  J.  Thomson,  £.  B.  Rosa,  and  others.  Method  of 

If  Cm  be  the  capacity  of  the  condenser  in  electromagnetic      Deter- 
tinits  determined  by  any  process,  and  d  its  capacity  in  electro-  niining  v 
static  units  as  given  by  measurement,  then  if  Qm  and  Q$  denote 
the  electromagnetic  and  electrostatic  values  of  the  same  charge, 
we  have  (pm  I  Cm  =  Q!^$/ C$i  since  each  denotes  the  same  quantity 
of  electric  energy.    Thus 


c. 


or 


V   C. 


V 


(21) 
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Tlie  srrtngemeiit  of  Ajrtoci  and  P«ny'*  Bpp*rati»*  i 
io  Fig.  140.  The  attracting  plate  P  t>t  a  giiard-riug  eo 
was  cifDnected  to  a  kvj  JT,  bj  which  it  VMild  b«  pat  ■■ 
with  either  terminal,  J  ar  S.  of  a  reHistADce  of  ab^i 
ohros.  Unkse  the  key  was  depressed  it  waa  kept  in 
with  B  by  means  of  a  spring.  Tlie  rc«igt&nce  was  in 
with  a  bafterj'  of  382  Daniell'i  cells,  and  the  point  B  ■ 
nested  with  tiie  earth  and  with  the  guard-ring-  aa  shown, 
turning  round  a  pivot  was  used  to  connect  tlie  g^ard-nDj 
projecting  electrode  of  the  protected  disk,  or  the  latter  1 
thruugb  the  fralranoiDeler  G. 


Fia.  140. 

Arrnnse-        The  protected  disk,  D,  of  the  condenaer  woh  a  square  of 

mcntof     132S'14  eq.  cms.,  nod  was  sejinriiled  from  the  giiard-rin 

Appa-      gup  2'6  tnm.  wide.    The  distnnce  between  the  plates  wrn 

ratua.       cm.     The  plates  were  supported   on  well   paraffined  le' 

screws  of  ebonite,  und  were  stretigthened  bj'  diagonal  i 

the   upper   side  of   the  plate   T,   and  the   under  Bid« 

disk  J). 


•  Joum.  Soc.  Tel.  Eng.  1878. 
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nlvanomeler  wag   a  ThomnoD'H   antaljc   iDstrument  of      ^^^^| 
)  ohma  resistnnce.    Tbe  onlinnry  needlea  were  however     ^^^^| 
i  hy  small  spheres  each  built  up  of  a  Dumber  of  tiny       ^^^H 
1  haYitig  (be.r  like  poles  all  turned  Ihe  sameway,  tlie         ^^^ 
being  conipleled  with  pieces  of  lend.     Tlie  period  T  of 
lie  was  39-5  secotids,  and   its   logarittimio   decrement 

mode  of  operating  was   aa   follows.     Tbe   key   i'  wns    llode  of 
kd,  and  the  plate  P  thereby  connected  to^;  nt  the  same      Esjieri- 
Be  electrode  e  wna  connected  to  /     Thus  the  condenser    nenling. 
MTKed  to  tbe  difference  of  potential  existing  between  J 
l    Then  the  contact  was  broken  between  e  and  f,  and  the         ^^^J 
iHBed  so  as  to  make  contact  between  P  and  B.    This      ^^^M 
■ad  P  «Dd  tbe  guard-nng  to  earth  while  D  was  left  in-      ^^^1 
l<    The  electrode  <  was  then  connected  to  ^  by  the  fo:k,       ^^^H 
lAarged  the  dink  D  Ihixiugb  the  galvanometer,  the  reading       ^^^H 
■fc  waa  obserred.                                                                                                | 
MifferencB  of  potential  ^given  by  the  battery  between  J  Theory  of 

bee  /i  was  put  in  (he  circuit  of  the  galvanometer,  and  its                      1 

Bu  between  tbcm  a  known  fraction  k  of  the  whole  reaiat-      ^^^H 
Hfte  difference  of  potential  between  A  and  C  waa  tbna      ^^^1 
he  galvanomeler  was  shunted  through  a  resistance  5,  so       ^^^1 
UKing  the  resistance  of  the  coil  a  current  kESj'MG  +  ^        ^^H 
1  was  sent  through  the  instrument.     The  deflection  thus         ^^^H 

^  d  and  a  denote  the  angular  deflections  given  by  the         ^^| 
Bitand    the    steady   current   respectively,   and    Cm   the         ^^^| 

V  Iho  balllatic  and  tangent  galvanometer  fonniilte                    ^^H 

1                                          ^H 

kKSI\R{e  +  S)  +  GS)      ,r   tana'                               ^^H 

^       ^  n{G -^  S)  +  GS  U^r^a                                   ^^H 

C  denoting  tbe  calculated  capacity  we  find                        ^^^H 

!      „,  „  C.  ^  ^  T  fl{e+5)  + G5  Uno                  ,_      ^^H 
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Finil  Three  series  of  experimenU  were  mode  consisllDX  gf  H,| 

Results,     and  18  discliart'es  fur  T,  25-3, 39-5,  42-2  EBcolidd  reapicdnS 


It  oblaineil  w 
=  2-98  X  10"i 


cmB,  per  second. 


KUrnpu* 


This  tni^tliod  wsi  nsed 
that  a  rapid  ttLiccesaion 
galvanomelcr  bo  that  a  cc 
moan  result  of  two  diff-ri 


2-OSS  X  10" 

'J 


corrected  for  iLe  vdua  of  tfie  &J 
cms.  |)er  se«onil. 


diachatges  waa  svut  tlinragb  i 
Htstit  deflection  was  )>ri)daced.  31 
t  reacarciies  by  this  iiiellitxl  <ru 


V  -  3-041  X  lO'O 
in  cmg.  per  Eeconil. 

Sijiiilar  experiments  hy  Strjlelow  \  gave 


Maxwell's  The  following  form  of  the  method,  due  to  Maxwell, 
Form  of  ''^^  ^^^  advantage  over  that  just  described  of  being 
Method  null  method,  and  therefore  of  not  requiring  any  correc 
tion  for  torsion,  damping,  &c.,  while  it  shares  with  th 
former  the  advantage  of  involving  the  square  ruotoiil 
of  •JC,lt'„,  and  therefore  only  half  of  any  error  mad 
in  determining  C„  or  C,.  A  Wheatstone  bridge  (FJj 
141)  has  a  gap  in  one  of  the  arms  at ;),  q,  and  a  coQt&c 
piece  or  tongue,  u,  is  made  to  vibrate  across  the  gap  n 
a&  to  connect  one  plate  of  a  condenser  alternately  tOj 
and  to  2,  while  the  other  plate  is  kept  permaneutly  ii 
contact  with  the  point  G.    The  resistances  of  the  wire 

•    If'ien.  Bit.  83,  1B81, 

+  Soc.  Frane.  dc  Phy».  No7.  4,  1881. 

i  El.  and  Mag.  vol.  il  arts.  77G,  778. 
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K3p^  qB  are  made  inappreciable,  so  that  the  plates  of 
"the  condenser  are  alternately  brought  to  the  same 
2K)tential,  and  charged  to  the  potential  existing  between 
€7  and  A 

A  succession  of  transient  currents  are  thus  produced 
in  the  same  direction  through  the  galvanometer,  and  if 
«P,  C  S  are  properly  adjusted,  are  prevented  by  a  steady 
current  in  the  opposite  direction  from  producing  any 
deflection.  From  the  condition,  (29)  below,  fulfilled  by 
the  resistances  of  the  bridge,  the  value  of  C^  can  be 
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Fio.  141. 


found,  and  compared  as  before  with  the  value  C,  of  the 
capacity  in  electrostatic  units. 

So  far  as  (7,  is  concerned  the  error  of  this  method  Accuracy 
(and  of  others  which  require  the  capacity  of  a  standard  Method 
condenser)  is  only  that  involved  in  the  measurement 
of  the  dimensions  of  the  condenser,  and  reduces  finally 
to  that  of  the  measurement  of  a  length.  Proper 
allowances  can  easily  be  made  for  want  of  acccurate 
adjustment  of  the  parts  of  the  condenser. 


VOL.  II. 


s  s 


OOMPAEISOS  or  XTSITS 

The  determioatioii  of  C.  is  limited  in  accaracir  Milj 
by  the  eiror  invotved  in  tbe  use  of  tbe  galvanooiebT. 
which  mast  be  bo  sensitive  as  to  detect  a  sufficiently 
small  variation  of  resistance.  This  error  in  the  experi- 
ments described  below  was  well  within  tbe  limits  ci 
accuracy  aimed  at.  In  Thomson  and  Seaile's  investi- 
gatioDs  below  it  was  estimated  that  the  error  from  ibf 
galvanometer  was  not  more  than  1  in  2500  in  th^ 
value  of  V. 


^"I^j^      CfllliDg  the  reaistances  P,  Q,  j*  &3  marked  on  tliB  figuM.aiid 
Method,    denoting  the  c'lTTtnta  from  Clop,  C to  D,  and  B  to  J,  hji,i, 

i,  the  reaistance  and  Belf-induction  of  the  >;a1vannnieteT  bj  0    ' 
and  Z,  wc  liore  from  tlie  circiiilo  ACliJ,  ADR  J.  Urn  ennntioM 
;urreiitB,  supposing  all  the  branchea,  except  CD,  devoid  ni 


Q(i- 


-Q(i-i-i)  +  U  + 
-  i)  +  .%u  -i)  +  Bi- 


i.  -  Q{i.  -  i.)  +  Gi,  = 
i,)  +  {B  +  S)i.  -  E  = 


where  thu  suffixes  indicate  the  Bteady  values  of  the  cturenta. 

Subtracting   these   Injit    eqaations    from    the    correapoiidinf 
equationa  (S3)  for  the  variable  state,  and  putting  ■„  i^,  for  ■-■« 


(?*) 


The  quantities  »,,  i„  it  is  to  be  noticed  denote  the  exceu  id 
each  case  of  the  ciirrent  flowing-  at  any  instant  above  the  rtewty 
current,  in  consequence  of  tbe  charging  of  the  condenser,  whiM 
i  is  the  charging  current. 

iDtcgrating,  from  the  beginning  of  the  chsTging  to  the  end, 
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Dns  just  foand,  remeiiiberiDg  tbat  ;  has  tlie  v 
I,  and  rearranging,  we  get 

(P  +  fflr  +  {0  +  P  +  Q)t,  -(?.,  =  0  1 

•  {«  +  i)*-e^  +  («  +  s+5K  =  o;  ■  ■  ^  ' 

denotes  t!ie  wliole  cliarge  of  tUe  condenser,  and  ■,,  /„   Theory  of 
in  ettchoa«eof  qtianiity  of  the  eleclricilj- conducted  by    Method, 

Its  ■,  i,  above  th«t  which  would  have  flowed  in  tlie 
if  the  current  had  remained  ci 

iting  ir,  from  (25)  we  find 


(26) 


len  the  condenser  is  fully  charR-ed  the  difference   of 
between  ifK  coatings  ia  jr/C^,,  and  this  ia  Gi,  +  Su„  eo 

rly  ((?+ J*)  J,'=5(«,-i,)i  and  therefore 


C^fG  +  . 


,G  +  P  +  Q' 


')'■■ 


the  condenier  is  charged  and  discharged  n  times  a  second, 
quantity  of  electricity  which  pftsses  Ihroitgli  tiie  gnlvaim- 
iT  over  and  above  that  which  passes  in  the  steady  current  is 

Hence,  if  there  in  no  deilectioo,  we  must  have  it  +  nr,  — 0, 

=  "  HI,.    Thus  (27)  hecoines 

,.-.r.(«  +  s«+J-+«), (2.) 

lis  Talue  of  c  used  in  (26)  gives 

.  Q{(Q  +  S+n)(G  +  P  +  Q)-(^\ 

S  S  2 


Ami  11^' 
mcnt  of 
Afpn- 


The 
hnviDg  ihtiB  bee" 
from  the  ratio  ^ 

Tlie  metLod  h 

ilig  Cm  by  Prof 
expcrimentB  giving 


by  Mr.  E.  B.  RoiR  t 

Tlioiiison  ami  Mr.  G.  F,  u.  oon..,  .  at  Cambrrdge  in'mi  i)lab»n({ 

ruHearcli  inado  with  improi-cd  npparBtiia. 

Wo  ahall  describe  here  Mr.  Koaa's  experimenle  nod  llieI*H 

inveBtipation  at  Tliomsoii  nnd  Searle. 

Mr.  Rosa   need   tlie  standnrd    apherical   oondenser  deseriW 

ahme  its   used   by  Prof,   Kowland  in  his  experimenta  gn  tli" 
subject. 

Tlie  vibrating  tongue  "  was  operated  by  one  or  other  of  t«o 
fQrl;a  made  by  Kcenig,  of  Paris,  of  frequencies  32  and  130  ]>" 
second.  Thesd  were  maintained  in  vibration  in  the  oHiniiM 
wiij  by  an  electromagnet  between  the  prongs  worked  byiii' 
current  from  tlireo  or  four  Bnnaen  cells. 

With  the  slower  fork  a  commutator  was  used,  but  with  lU 
faster  fork  a  different  arrangement  was  adapted.  A  wire  I r J 
from  the  inner  costing  of  the  condenser  was  forked,  and  a  bniirti 
of  it  connecleii  by  wax  to  the  end  face  of  each  prong  of  tii- 
luning-fork.  The  plane  of  vibration  was  vertical,  and  each  wii( 
was  turned  so  an  to  dip  into  two  iiiercurj  cupa  cut  in  fixed  piei'n 
of  vulcnnite,  at  a  vertical  distunes  apart  equal  to  tbat  betweri^ 
the  prongs  of  tlie  fork.  The  upper  cup  was  connected  wilb  tli- 
point  C  of  Fig,  141,  the  lower  cup  to  B,  Thus  when  the  pronp 
moved  apart  the  lower  wire  dipped  into  the  mercury,  conneclitur 
the  inner  ball  of  tlie  condenser  to  B,  while  the  upper  broke  con- 
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;  when  th«  prongs  approucbed  one  unotber  tbe  upper  con- 
was  made  anil  the  luwer  broken,  imd  (lie  two  platee  of  tbe 
!r  were  put  into  direct  contact,  TbuB  in  tbe  former  case 
cobdeuser  wna  charged,  in  tlie  latter  dincborRpd. 
lie  gnlvanometer  used  was  a  very  sensitive  l*honison's  HHtntic 
romenl. 

itt  battery  conaisled  of  about  40  cells  of  a  storage  battery, 

"og  ftn  electromotive  force  of  about  80  volts. 

lie  resislanceB   0  and   S  were    taken   from   two   reBisUnpe 

«  by  Eliiott,   coulaiuing   12,000  ohms   and    100,000   obmB 

wctively, 

The  resistance  F,  which  was  very  great,  was  mnde  hy  ruling  ( 

nea  on  ground  glass,  and  protecting  tbe  surface  uf  glosi 
■dgraphile  with  a  thick  coat  of  sbellsc  vai-nieh.  Connection 
N  made  at  the  ends  by  tinfoil  pressed  against  tbe  graphite  by 
bber  packiug.  Ten  such  resifttunces  wero  made  and  mounted 
oyliDdricol  cases,  so  that  their  ternperatures  might  be  msin- 
iwd  OB  nearly  constant  as  possible.  Their  values  were  deter- 
Md  by  a  coinparisoti  (made  by  the  method  of  Wbeatstone's 
ilge  with  a  ratio  of  about  IIXI)  with  the  Teaistances  of  tbe 
Bm  used  for  Q  sind  S,  and  proved  very  conslaiit  and  reliable. 
tbe  capacity  of  the  vibrating  piece  and  the  coiioocting  wires 
I  determined  experimentally  by  separating  them  from  the 
leneer.  Special  attention  was  given  to  the  question  as  to 
itlier  the  capacity  of  the  charging  wire  might  be  taken  as 
Mine  when  the  wire  wos  in  conliict  aa  when  detached,  and 
Ippreciable  difference  was  found. 

ae  inner  sphere  was  adjusted  by  lifting  off  the  upper  half  of 

outer  shell,  and  adjusting  the  position  of  the  ball  relatively 

be  equatorial  circumference  of  tbe  shell,  then  replacing  tbe 

[iiphere,  and  moving  the  ball  vertically  from  contucl  at  top 

rantact  at  bottom  of  tbe  shell,  and  I'ausing  tbe  contact  in  each 

taee  to  be  indicated  by  the  closing  of  an  ereclric  circuit     The 

"eadings  of  a  sliding  vernier  gave  tbe  top  and  bottom  poaitions, 

ind  the   meau  of  these  readings  llie  central   position.     It  waa 

:Btimated  that  the  ball   waa  ceotred  to  '1  nun.  vertically  and 

2  mm.  horizontally,  or  to  an  error  of  leas  than  1  per  cent,  of  the 

lislsnce  between  bull  and  shell. 

Now,  for  an  eccentric  cylinder,  theory  shows  •  that  a  similar 
liaplncemtint  of  1  per  oent.  from  centrality  would  give  an  error 
Vcapacity  of  1/^00  per  cent.,  and  a  smaller  error  for  a  spherical 


f  J.  J.  Thomson,  'On  the  Determinatton  of  v.'   Phil.  Traru,  S,S. 
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condonter.     A  diaplacetnent  of  four  per  cent.,  it  wu  found b)r 
trial,  caiiBed  a  rjuita  inu |i pre ci able  chftngo  in  cnp&citf. 

The  dimenaions  of  the  outer  eheW  were  delonninnd  by  filli»( 
It  with  water  and  weighiDg.  and  of  ll,e  inner  ball  by  weighingB 
Bunk  in  water  by  an  attached  niasa,  and  mating  all  n««M<rv 
corrections  for  displaced  air,  &e.  Tlie  reaiilts  were  cbecW 
by  meMUTementa  made  by  callipers,  (.'oinparsd  witli  a  atauiluJ 
°  metre  bar.    The  results  were  ; — 


Shell     .     .     . 
Ball  A  .     .     . 
Ball  B  .     .     . 

1 

B)-w,i^ng. 

Brdiiwt 

12G80fi  etna. 

10-1180    „ 
8-8735    „ 

I2-6791cmB. 
101183    „ 
8-8736    „ 

The  experiments  were   made  with  the  larger  ball,  and  four 

series  were  made,  the  first,  seconil,  and  fourth  with  both  fotka, 

the  third  witli  the  slow  fork  alone. 

Final  It  was  found  that  the  results  for  the  fast  fork  were  eliglill; 

Kcaults.    lower  than  thoae  for  the  slow  fork,  coming  out  according  to  ibi 

woighla  given  to  the  ohBeivations. 


=  2-9994  > 
=  3-0023  > 


lO'"! 


IS.  per  second  for  the  fast  fork,  anil 

as.  per  second  for  the  alow  fork, 


The  reHullH  for  the  fast  fork  were  the  more  uniform  and  ft 
WQB  thought  the  more  accurate,  and  were  given  double  weigbl 
in  striking  the  final  mean,  Thua  the  final  result  of  all  tb> 
expcfirnentH  waa 


Tlie  r^siilU  of  Series  11.  and  III.  were  greater  than  those  of  I. 
and  IV., and  it  waa  thought  possible  that  the  halves  of  the  oal«r 
shell  had  been  very  alightly  aepnraled  in  the  former  case  by  an 
obstruction  in  the  flange  of  juuction.    It  is  to  be  noticed  tbu 


iiilU  with  the  slow  furk  are  the  ^renter,  indicating  too 

I  vftlne  o£  C*    This  is  Uie  kind  otreitiilt  which  the /utii 

■  might  be  expected  to  give  if  the  period  was   not  long 

jgti  tu  allow  the  condeoser  to  be  fully  churged.     The  rejei.'- 

|of  the  obaervutiona  of  Series  II.  and  1)1.  would  give 

t>  <-  2-9993  X  10»  in  cma.  per  second, 

loh  only  differs  from  the  former  Taloe  by  ^  per  cent. 


|!ln  Tliotneon  and  Searte's  inveetigation  the  condenser  used  I 

■  cylindrical,  &nd  was  provided  witb  a  guard-ring  at  top  and  I 

lo  that  the  effect  of  the  enda  was   in  great  meaanrel 

The  condenser  is  aliown  in  aection  in  Fig.  142.    Thel 


of  COD- 
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Artinge-  dimension i 
mentand  callipers  i 
" oyliiuJerw 


r  were  measured  by  o! 
.nner.  It  was  found  tbi 
^ctian,  OB  ahowD  in  tbe  t 


Top  enil 
Bottum  e 


meter     .     .     23-5302  a 
,.  .     .     23-6161 

diameter   ,     23*5348 


Mean    23-5245 


ment  of 
Dimen- 


The  intenial  diameter  of  the  outer  ejltnder  wax  meafS 

cnllipers  specially  provided  for  this  purpose  willi  pro; 
eteel  pieces  on  their  jaws.  Tbe  results  obtained  ft 
diameters  at  right  angles  to  one  another  at  each  end 
cylinder  gave  a  mean  diametur  of  26'4114  cms. 

Thr>  internal  cylinder  was  supported  on  pieces  of  ( 
placed  on  the  lower  ring,  and  the  upper  ring  on  similar 
on  the  internal  cylinder.  The  outer  cylinder  was  also  ii 
parts,  two  ring  pieces  for  top  and  bottom,  and  a  long  < 
piece  correspondmg  to  the  internal  cylinder. 

The  IcnRth  of  the  internal  cylinder  was  measured  by  a; 
the  jaws  of  a  beam  compass  to  its  ends  and  measuring 

'.Toscopes  firat  the  dislancc  between  two  marks, 
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G03 


The  volume  was  found  to  be  441 2*0^  ciibio  cms.,  so  tliat  tlie 
«an  distance  d  l)etween  llie  cylinders  was,  witli  the  radii  ^ivcn 
feove,  '94128  cm.     The  ratio  of  external  and  internal  radii  a/ 6 
was  thus  1  +  •94128/11-76225  =  1-0800262.    Thus 


Elect  rc 

static 

Value  0 

Capacit; 


c.= 


I 


2log| 


6J;269J_ 
'15397063 


=  397-927 


centimetres. 

The  measurement  of  capacity  in  electromagnetic  units  was 

^nade  by  the  method  already  described,  somewhat  modified  on 

recount  of  the  existence  of  the  guard-ring.    The  arrangement  of 

appmratus  is  shown  in  Fig.  143.    The  condenser  plate  is  shown 


N- 


Fig.  143. 

connected  as  before  to  a  contact-making  piece  u,  which  makes 
contact  alternately  with  p  and  g,  while  one  guard-ring  is  con- 
nected with  a  second  contact-piece  v,  which  makes  contact 
alternately  with  r  and  t.  The  pieces  p  and  q  represent  the  con- 
tact-plates of  a  commutator  which  alternately  came  into  contact 
with  a  spring  or  brush,  «,  connected  witli  the  inner  coating  of 
the  condenser ;  r  and  8  represent  the  con  tact- pi  ales  of  another 
commutator,  v  a  brush  which  alternately  connected  tliem  with 
tbo  guard-ring. 


Determ; 
nation  < 
Electrc 
magnet] 
Value  0 
Capacit] 


CM 
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Ac*aM  of       Tlie  two  mnunnUlors  were  niountfi']  on  the  aame  axis,  aa  that 

CiBB*-    tiny  w«t«  kept  ilway?  in  the  same  relntive  poBition.    When  tin 

l*t<**^      CMMtKiUtora  were  worked  the  following  cuutciitB  were  made  io 

tk*  ontcr  indicftted  by  the  Dunibers.     Pj,  Vg,  Va,  denute  th» 

IwtMitUb  of  tli«  points  ^,  B,  C,  caspeotivel  j. 


I»  on  f  :  mndeneer  discharged, 
r  «n  «  :  giurd-ring  diiicharged. 


mvaf.  eoadeneer  hf^'w.: 


f*«B^  :  eoi>den»erch«[g«i  to  potential  Tj— Fg 
\««tt  r:  guard-ring  chaj^d  to  potential  ^'(•"'^'a- 

.    f  •  Ofi  f :  condenser  begins  to  discharge. 
*  1 1  on  I-. 


1 


5  :  condenser  discharged. 
I :  gu«rd~ring  discharged. 


TfciiHj  cf       According  lo  the  notation  already  adopted  above  wb  denote 
Ufdwd.    Ihc  curmila  in  <>,  CD,  BA,  by  i.i.i;  in  addition,  in  the  pre- 
sent c«8e  we  Iwt^e,  when  r  is  in  contuct  with  r,  a  current  in  Jr. 
Let  this  bo  denoted  by  *,    The  circuits  AVDA,  ADBJ,  give 
the  ei)uati<mii 

-«(i-i-i-*)  +  P{i  +  ;)  +  ii  +  Oi  =  0l 

At  the  beginning  and  end  of  Ilie  charging  tlie  currents  have 
their  steady  vhIucb,  and  tlien  as  at  p.  G2G, 

These  Bubtracled  from  the  corresponding  pair  of  equBtioas(31' 
for  tlie  vuying  slate,  give,  if  ■„  i,  denote  li  -  «.,  i  -  j„  respect 
Ively, 

«(»,-J,-4-«)  +  S(i,-i-ti)+2(s,     -0/' 
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These  integrated  from  tho  beginning  of  the  charging  to  the 
end  yield 


=  0  \ 


where  jr,  as  before,  deDotes  the  whole  charge  of  the  inner  coating 
of  the  condenser,  while  to  denotes  that  of  the  guard-ring. 
Elimination  of  Ui  from  (34)  gives 

^{q  +  S+B)  +  Bqix  +  BQip 

{(?  +  P+<2)(<2  +  ^+iO-<2«}^i.    .    (35) 

This  differs  from  the  former  equation  (26)  only  in  having  the 
term  BQu)  on  the  left. 

When  the  condenser  is  fully  charged  we  have  as  before 

ir=ft.(^+5^±J±^)i,  .    .    .    .     (36) 
and  farther  if  Cm  be  the  capacity  of  the  guard-ring 


V) 


=  C.(ff+P  +  5^±^±^)i..    .    .    (37) 


since  the  multiplier  of  Om  on  the  right  is  the  final  difference  of 
potent  ial  between  A  and  B. 

Again  if  there  be  no  galvanometer  deflection  i«-|~^i=0}  ^^ 
i^s  —  jij^  so  that  (36)  and  (37)  become 


These  substituted  in  (35)  give  y 

nCm{P{(i  +  8+B)-\^BQ\{S{G  +  P+Q)-\-GQ\  in 

+  nCmB(i{{G  +  P)Q  +  S{G  +  P+q)}  ^J^ 

=  «{(^+P  +  C)(<?+S  +  iO-«*}  .    (39)    B 


1 11111%  iiiiBii  *iai*ir*ii  ii'Triwfc 


flMMMtewMB  tbeCTlutden. I  'h' 


T^AaM  pvan  ifiuvv 


,.^^,g  +  ^+ff_g_ 


=  IJ  -r  0 


l^i.-i'i^ 


^  =  -L 


Tbus  tbe  correction  wm  a  strip  of  bremdth  75, 183  cm.,  or 
about  I  part  in  I-^OO  of  lh«  vhote. 

Each  commotaloT  c>:>D^i<t<^  of  two  tingt  nilh  pro jectiDg  iMmi- 
cylindrical  pieces  oreri»pping,  ai  shown  in  Fig.  144,  luoniiMl 
on  an  ebonite  caaing  rouDd  ihe  comniiiii  a^i^. 

Two  Bprings,  eliown  in  Fig.  145,  maHe  permanent  contact 
with  grooves  iti  the  ring  |.>ortionB  of  the  con  tact- pieces,  and 
fotmed  the  coDoectiuDs  to  the  poinU  CJ  anil  JB  of  tlio  bridge. 
The  charging  contacli  on  tlie  commutatur  were  made  with  a 
brush  of  fine  brass  wire.  On  the  aile  are  fixed  the  dnHng 
pulleys  and  a  glroboscopio  disk  for  tlie  ohservHiitin  of  the  speed, 
by  means  of  a  maitJtained  fork  in  the  manner  already  aufficiently 
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icribed  at  p.  569  «bove,    A  side  view  of  tbe  stroboBcopie  dialt 
■      rn  on  the  right  in  FiR.  144. 

worm-vlieel  and  endleHS  screw  were  need  to  mnke  a  cou- 
th a  Bpring  at  every  revolution  of  the  wheel,  that  is  every 
is  of  the  commutntar,  to  eit'ite  oue  of  the  electroma^els 
if  the  recording  apparatus  referred  to  below.     The  commutator 
a  by  a  water-motor  and  long  cord  made  of  fiehing-line 
[  joined  in  a  long  splice  to  prevent  inequalities  in  speed.    The 
f   upecd  was  regulated  by  lelliriK  the  cord  run  ihroiigh  the  linger 


The  siroboscopic  disk,  Fig.  144,  had,  as  shown, 


contnining  4,  5,  6,  7,  8  black  spots  at  equal  intervale ;  tbe  fork 
making  64  complete  vibrations  per  second,  and  the  commutator 
not  running  much  faster  than  80  revolutions,  the  speeds  of  the 
disk  from  16  revolutions  per  aeconil  upwards  when  a  stationary 
pattern  was  visible  were  the  fractious 

}.  i.  1.  i, !.  (.  i,  i,  (, ».  1, ).  1.  J,  t,  i, 


cif  64  revolutions  per  second. 
The  electrically  driven  fork  mai 
^la  frequency,  and  the  latter  gav< 


ttsined  another  of  about  twice 
beats  with  Lord  Bayleigb's 
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I'  .   :iifi)iitii  of  i'xpiTiiii''-r.tir.p  was  .i«  f  j'lvw?. 

.  ;«*:.s.v  In  iv\i«in  staijdard  anJ  auxiliary  forks  werec:-r*:« 


■.  v.*.:;t.i!i>r  kopi  nf  n  •"'■■ 

."  r  «■:  t  r- 1   (if  till"'  i'l»<i'r 

.    :"   .'      f    til'    >t  irnii! 

•  <  ::  iVf»  a  III. -.in  > 

.  ::   •   '    ■  w.i-  .iTTril'-:' 
:»  •  ^  '  T  ir^iT  ;«ix  ur  siv-.- 


-  -•   •       :    X' ■?  wiijil;  wi-: 


UNITS  OF  CAPACra 

y  insutnted,  and  allowed  no  leakage  when  tested  by  a 
ifelectruDcope. 

Fha  current  wns  produced  witb  36  small  Htorage  cells,  arranged 
^two  parollelB  of  16  cells  each.    It  was  also  caiefalty  in- 


m  the  quantities  observed  were 


Fio.  1*8. 

loperatiire  variatioos,  and  the  capacity  of  tbe  connecting  wire 
'the  coodenaer  was  taken  into  account. 

e  Bets  of  experiments  7,  10,  and  6  in  numfier  were  takei 
i  gave  as  nienn  valueeof  Cb,443'471x  10"'^',  443-417x10"* 
S-5BDxlO'*'C.G.S.:  or  as  mean  of  all   C,  =  443-486  x  10"' 
KO.S.  electromagnetic  units.     Thus 


^   V  il 


397  ■'.■27 


=  2-9950  X  1010, 


ia  cms.  per  second. 

Hethoda  of  cnrapariof;  the  capacity  Gm  of  a  condenser  with 
the  aelf-indiictance  i  o£  a  coil  Iiave  been  given  above,  Chap. 
Till.  If  then  tbe  capacity  of  a  condenser  has  been  thus  found, 
in  terms  of  a  self-inductance  L  which  can  be  exactly  calculated, 
the  value  C,  in  electrostatic  units  can  be  found  either  directly 
by  calculation  for  the  condenser,  or,  if  that  is  not  possible,  by 
1  with  the  accurately  known  capacity  of  a  standard 


COD  den  Her. 
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Detenni 
Bntion  0 
C«by 

with 
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COMPARISON  OF  UNITS 


Tlius  if,  as  At  p.  491  above, 


Method  V.       'Cho   next  two   raetlmda  nre  mainly  of   theorelifal   inlcicM. 

Dstennin-   According  to  Melhod  V.,  a  macnet  ie  rotated  within  a  coil  atn- 

^*J?°°'     pended  with  its  plane  vertical  by  a  bifilar.   The  current  indiiceJ   } 

*™|*^"  in  the  coil  causes  it  to  tarn  round  a  vertical  alia,  and.  ifi!.> 

and  M  in    P^"*"'  "^  rotation  be  oooBtant  and  email  in  compariHon  wiili  ti 

dnetanee "  P*"*'^  "*^  vibration,  to  take  up  a  constant  dcfleclion.     Tlie  ..  ■ 

'    IB  in  circuit  witii  a  fixed  coil  of  considerable  Belf-inductaccc.  > 

that  the  whole  inductance  of  the  circuit  is  L,  and  with  a  condpij^  ' 

of  capacity  C     Tha  value  of  CL  tan  be  found  by  observioc  t> 

deflections    /),,   D^,  2),,   for   three   different   ungular   yeloti:; 

"ii  "«  "31  "^  'I'B  magnet.    Then 


.  2^(" 


-",') 


"Si'w- 


'.') 


If  the  induction  through  the  coil  due  to  the  magnet  when  it« 
axis  is  parallel  to  that  of  the  coil  be  31,  then  when  the  magnet  htf 
turned  through  the  angle  6  from  that  position  the  induetion  is 
jif  COB  8,  or  Mcosnt,  if  n  denote  the  angular  velocity,  and  t  be 
reckoned  from  the  instant  at  which  8  =  0. 
Theory  of  If  x  be  the  whole  quantity  of  electricily  which  has  Unwed 
Method,  through  the  circuit  from  the  era  of  reckoning,  the  current  is  i, 
and  the  induction  through  the  circuit  due  to  tite  current  in  it  ii 
U.  Thus  if  E  denote  the  difference  of  potential  between  the 
plates  of  the  eondenser,  the  elect romotivo  force  producing  the 
current  is  £  +  d(Li  +  Mcoa  «l)df,  and  the  cquatioi     " 


iJi  +  ^  f£i  +  Jf  c< 


bO  +  i"  -  0, 


But  CB  =  i',  80  that  this  equation  becomes 

a2  +  CflJ  +  *=CJftBin«<  .     .     .    (42) 


UNITS  OP  CAPACITY 


i 


8  (lifferenlial  eqaulioD 
we  b&ve  tlie  eijualion 


HCa 
D  the  auBpeniled  coil  produced  by  electroTiing- 


9  of  this  o 


■  -JEfC^n*  +  (I  - 


:^/-^ 


2  ^C**»  +  (1  -  CZfl'j^ 


(44) 


■  If  the  coil  have  a  eufiiciently  great  moment  of  inertiEL  the 
~   iftrioiiB  of  tbe  couple  ncting  on  U  will  not  cbubs  it  to  osclllnlo 
xibly,  but  it  will  tnko  up  a  position  of  equilibrium  depending 
"'  e  mean  couple  e.  _ 

e  meftti  deflectiun  D  ia  proportional  to  a  and  ho 


By 


(45) 


£ori 


of  three  different  nngiilnr 
1  are  obtained,  whicb  givu 

it  would  be  liesirsble  to 


Brber«  P  is  n  coustant. 
Wlocitiea  three  eqiiaiioi 
'"")  by  elimination  of  P  and  R. 
If  tile  experiment  were  carried  t 
;e  wy  n^aa  that  for  which  njD  ie  a  niiniiuum,  ihnl 
*  fl^,  n,.  one  (jester,  the  other  less  than  % 
iDue  ir*  —  CjCrn,  we  Kavc,  if  L,,  Lm  denote  t!io 
electromagnetic  values  of  L, 
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The  denominator  of  tlie  expression  on  Ibe  light  is  (letermi 
Bxperiineatally,  aa  eiplained  above,  uud  the  aumenloi 
obULDcd  by  direct  calculation  of  Gt  and  Lwt,  or  by  compansoi 
the  condenaer  and  circuit  with  proper  slandnrda. 

Method  VI.  incutvQB  the  detemiiaation  of  the  clectrwt 
value,  B,t  of  a  higli  rtaistanue,  through  wluch  a  condeoM 
capacity  C,  ia  discharged.  This  ciin  be  dune  by  measuring 
rate  of  fall  of  difference  of  potential  between  tilie  platM  a 
eundonser  by  inenns  of  an  electrometer  connected  vrtth  ill 
If  F  be  the  electrostatic  value  of  the  difference  of  potenlu 
any  time  (  we  Lave  ^^ 


If  ^=  A'n.  fl.  =  //c.ioga, 

If  noi  Rm  is  known  we  have,  b 
C,ICm  ••  e*,  and  therefore 


■  B.  A.  Report,  ISaa,  c 


OEKEBAL  RESULTS 


(ngh  I 


oil  of  measurable  indiK 


r  of  knobs 
iBtedof  11  B 


apart.    Tlie  ci 


8  (each  2  feet  !□  side)  uf  plate  glass    ^T 


I  squares 
aiWered  on  botli  aides,  set  up  pi 

distance  of  5  mins.  between  encli  pair  of  opposed  silvered  sur- 
fnccA,  and  Ibe  silvered  surfaces  of  the   alternate  plates  joined 
metallically  to  form  tbe  coatings  of  the  condenser.     It  had  tbua 
A  capacity  of  about  600  metres  in  electrostatic:  measure.    The    "tlon^ 
coil  was  composed  of  about  three  miles  of  india-rubber  covered      Lodge 
wire  of  No.  22  gauge,  and  hsd  diameters  19  inolicsand  11  inches,  and  GliiM- 
aud  thickness 4  inclies.    Its  Induclance  was  about  45  k  IQ"  cms.     brook's., 
ia  electromagnetic  roessure.  Eipaii 

The  condenser  was  charged  by  a  Voae  machine  arranged  to 
give  a  brush  discharge  across  half  an  inch  of  air  to  the  inner 
coaling,  while  the  other  coating  (that  is,  the  two  outer  plates 
and   tlie  four   nllernale    Inteiior    plates)    were    conticcled    to 

The  sparks  were  photographed  on  a  revolving  sensitive  plate 
on  which  the  knobs  were  focuaed  by  a  quartz  lens.  The  plate 
was  drivea  by  a  water  motor  at  a  epeed  of  about  64  turas  per 
aecoad,  and  its  speed  measured  as  in  Lord  Huyleigh's  determi- 
ostion  of  the  ohm,  by  olwervafion  of  a  stroboscopic  diak  through 
a  slit  alternately  opened  and  closed  by  the  vibration  of  an  elec- 
Irically  maintained  tuning.fork.  The  result  was  that  a  pattern 
was  produced  on  the  plate  consi^iting  of  a  long  band,  with  a 
h^nid-like  broadening  for  each  half -oscillation.  Tlie  period  of 
vibration  was  thus  measured  with  great  exactness. 

Tbe  resistance  and  inductance  of  the  circuit  could  also  be 
obtained  with  very  consiJerahlo  accuracy,  aa  the  resistance  of 
the  Bp.irk-gap  was  inappreciable.  The  value  of  L  for  the  coil 
could  also  he  obtained  by  direct  calculation  or  by  comparison 
with  another  coil. 

The  value  of  tlie  period  given  above  (p.  188)  furnishes  for 
tlicse  data  the  electromagnetic  value  of  the  capacity  of  the  coa- 
l.nser.  (See  also  Chnp.  XIV.  below.)  Also  C,  can  be  found 
Irijin  an  exact  comparison  with  a  stondard  condenser,  and  thus 
V  can  be  obtained  by  (21)  above. 

The  final  reaults  of  tlie  experiment  do  not  seem  yet  (July, 
1893)  to  have  been  published. 

The  following  tablegives  the  values  of  u  obtained  by  different 
eiperimenters,  and  for  comparing  the  velocity  of  light  as  deter- 
mined experimentally  by  the  methods  of  Fizeau  and  Foucault. 
ll  is  in  great  part  taken  from  Mr.  E,  B,  Rosa's  paper  already 
referred  to.  The  various  results  given  were  corrected  by  Rosa 
■  iwhere  necessary  to  the  value  -08664  ohm  for  the  B.A.  unit : 
T  T  2 
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THE  MEAsU1:i:mkxt   of  ArTJVITY  IX   ELECT IlIC 

CIRCUITS 

WuEX  a  circuit  in  which  a  current  of  electricity  is    Activity 

flowing  contains  a  motor,  or  machine  by  which  work  is  circuit  of 

done  in  virtue  of  electromagnetic  action,  the   whole  ^^^U^^ 

electrical  work  done  in  the  circuit  consists,  as  was  first 

shown  by  Joule,  of  two  parts,  work  spent  in  heat  in  the 

generator  and  motor  and  in  the  conductors  connecting 

them,  and  work  done  in   moving   the   motor  against 

external  resistance.    The  total  rate  at  which  electrical 

energy  is  given  out  in  the  circuit  is,  as  we  have  seen, 

Brf  watts,  where  E  is  the  total  electromotive  force  of 

the  generator  in  voltiS,  and  7  is  the  number  of  amperes 

of  current  flowing.     The  rate  at  which  work  is  spent  in 

heat  is  in  watts,  by  Joule's  law,  y^R,  where  R  is  the 

total  resistance  in  circuit  in  ohms;  hence,  if  we  call  W 

the  rate  at  which  work  is  done  in  the  motor,*  we  have, 

Ey  =  y^R-\^   W (1) 

We  may  write  this  equation  in  the  form, 

y--  jf— (2) 

*  We  consider  here  a  system  in  ^vhich  7  is  constant,  and  ne^lt-ct 
Ion  of  enei^^  doe  to  local  currents,  &c.,  in  the  motor.  Fdr  informa- 
tion regarding  the  construction  of  ])racticAl  motors  and  their  action 
•M  t  paper  by  Profs.  Ayrton  and  Perry,  Proc.  Soc.  TrI.  Emjs.^  1883, 
n^fiQblisoed  in  the  electrical  journals,  Kapp's  AVtr/nc  Trntiitmissinn  qf 
PwdcTj  and  Prof.  8.  P.  Thompson's  Dynamo- Electric  Machinery. 


fltd  ELECTRICAL  ACTI7ITT 

wliich  ihavs  that  the  current  flowiiig  is  «]ual  to  tkoi 
wliich  wowlJ  flow  in  the  cin-ait  if,  the  re^Utance  »• 
mftiniug  tlio  same,  the  motor  were  held  at  real,  aad  tbe 
oloctromotive  force  diminished  by  an  amount  ti[Vii  % 
RM.r.«l  ^/Y-  ThU  is  what  is  called  the  bad;  elect ronrntiw/wa 
Motor,  yf  ^j,^,  Hniiof  n.nd  is  due  to  the  action  of  th-i  motxiria 
e*-ttinK  up  nn  electromotive  force  tending  to  seod  • 
cuiTCnt  t)iiv)iigh  the  circuit  in  the  opposite  tUiectioii 
l.i  that  of  the  current  by  which  the  motor  is  driven. 
\V«  shall  dpnoto  the  back  electromotive  force  by  Ey 
Mfn(v  <M|iiation  (2)  becomes. 


E-E, 


It 


(3) 


*»*i^  iW  rate  at  wliich  work  is  spent  in  driving  the 

T.»  df^d'Hrtim'  Jf  wo  have  simply  tu  measure  with  s 
|MH'«Ual  ijmh  anAtiiclcr  or  voltmeter,  the  difference  of 
Jv*h'«t>*l  Ivttwvn  tlie  two  lerminala  of  the  generator. 
WtUt^  lh»  r,  and  lif  the  effective  resistance  of  the 
jPMWmkw,  trt  XiAvf  pUiuly. 


A-  -  r  +  yH, 


(*) 


AieftiH,  uiuM  7  and  also  the  total  resistance  R  in  the 
WWWtt  WW  b«  found  by  measurement,  we  find  by  (3) 


=  £-yE  . 


ViWtv  atl  lh«  (lUAiitities  on  the  right-haud  side  are 
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The  ratio  oi  E.y,  the  electrical  enerf^y  spent  per  unit  ^!i;^1^"^^= 

.        .  .  .      ,         .  Etiicienc 

of  time  in  the  circuit  otherwise  than  in  heating  the         of 

conductors,  to  the  whole  electrical  energy  -£^7  spent  in  the  ^^^^^^ 

eircuit  per  unit  of  time,  that  is  the  ratio  of  E^  to  E,  we  Generate 
may  call  the  electrical  efficiency  of  the  arrangement.  Motor. 
Denoting  this  efficiency  by  c,  we  find,  by  equation  (4), 

^      E  "^       E       ^ W^    •    •     ^^^ 

Hence  the  smaller  7  is  made,  that  is,  the  slower  the  Arrange 

ment  o; 

energy  is  given  out,  the  vahie  of  the  efficiency  of  the  Maximui 
anangement  is  the  more  nearly  equal  to  unity ^  the  value  Efficiwac' 
of  the  efficiency  of  an  arrangement  in  which  the  energy 
in  the  motor  done  against  external  resistance  is  exactly 
equal  to  the  whole  electrical  energy  given  out  in  the 
circuit. 

When  however  energy  is  spent  at  the  maximum  rate 
in  working  the  motor,  E^y  has  its  greatest  value.  But 
by(o) 

E^y  =  Ey-  y^R  =  W. 

This  equation  may  be  written, 

7«-B  -  JEr7  +  IT  =  0, 

^  quadratic  equation  of  which  the  solution  is, 

E±  jE^-^AiRW 


7  = 


2R 


^ow  in  order  that  these  values  of  7  may  be  real,  4fRW 

^^annot  be  greater  than  E^.    Hence  the  greatest  value 

W  can  haves^  is  E^/4iR.     When  W  has  this  maximum 


r.i> 
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Aiirur-     v.il"..-.  7  i^  o-rril  t>  E  2f.'.  arji  therefore  E^  equal  to 

M:'ix,'!ni'Mii   E  '1.     H-ri-:-'  tiiv  elec:rio:il  t-ir.ciency  is  ^.     It  is  to  be 

v.tnity.    ^.,  ^^.  ,-i,,  i',;;iv  rb.Hcrvfd  that  althor.ch  in  this  case  the 

.•irr.iTiiT'n.' lit    i>  that   of  Q',\*'**:^r  tlittrUoI  adicitu/ii'vi 

/r-/  fjinf   # /'  f/iV'ftfsf  rhrtri'.'tl  *:rT^ck7ic>/,  :is  it  has  onk 

•  1  mm  '  * 

;ihuiit  ciiif-liMlf  the  ufiicii-iicv  of  one  in  wliioh  enerjvis 
-mn  out  at  a  verv  slow  rate.  The  case  is  exucilv 
M!i.il.>;;iMis  tt»  tliat  of  a  battery  arranged  so  as  to  give 
i..:»\innnn  current  throii«'h  a  i:;iveu  external  resistance 

.••.V  \,»i.  1.  p.  us;.. 

All   tliMt   h:is  hocn   state<l  above  is  applicable  to  the 

...   .M  ;i  int«tor  fril  bv  nnv  kiiul  of  irenerator  whatever 

.    .     •..  :;i  v.it.T    iin]iloyril    liowovor   is  generally  ^-/n.t 

.      .\\..:'..o     or   in;iLjiU'to-el«.'ctric  macliiiiL'  <hi\>.:. 

.  \  .    ...;    ;.'.rtv'i\  siuli  n^  a  strain-  or  jiiis-eiiLriij'  u 

^^    .  .      ...  ■:  n  l\'\\  t»r  tin?  iv.^ult.-^  obtain'  li  IilI'--"' 

N    ..    s  .V "..   I  ;iM's.  wliirh   will   bu  in«lient«  •!  r: 


.\\^\    -Awd   nu»tor  are  oxnctlv  sini:I;i 
s  i" ".v    vMimit   ]»a."5Sf8  throuL:li  ]"Ti 

.■"      ^\■.!.      Iv      tlKlt    of      /Ul/y     T- 
',\Vr     tlu*     Spt't'cls    «if     tl.- 

-     ■  :    .  V  '.  .^'.^liiii:   (»n    tho    fum   ;•;.« 

-.  .-.'A  1    '7    a   function  ot'  ti.' 

.  ^  .  •-.    :■:.•  «  It;  .'ioncv  is  nn*a<ur'- 

•  ■    .    >:    •. ..!  v't"  :  [  i   nn»ti»r  to  that  ».■ 

ft 

'..  >  :»   \\:\:  .-f   tlic   j::rnorat<-r.  0; 
:     \        1'   's  !■»  I'v'  t']»scr\f.'il    h"\\', 'vt 

.  -:■  .  ;'  \  .'/!v.-  w  ill  n  M  in  ]■?;..  *:. 

.:  ■!     ■'    .u-li-'ir.  «.\..ii  \\:*i!  tl;.-  san. 


EPFICiENCV  OF  GENERATOR  AND  MOT( 

^eiits  flowing  in  tLeir  armatures  ai 

The  armature  currents  tend  to  weaken  the  f. 
f,  the  generator,  aad  to  strengthen  the  field  i 
Itttor. 

■  b  general,  the  higher  the  speed  at  which  the  motor 
■tuq,  the  greater  is  the  electrical  efficiency  of  any 
igement,  for  it  is  ohvioiis  that  the  higher  the  speed 
i  more  .nearly  does  A',  approach  to  £,  and  therefore 
b  value  of  SJE,  the  measure  of  efficiency,  to  unity. 
Jor  a  constant  difference  H  —  E^,  the  ratio  of  the 
JBrgy  spent  in  heating  the  conductors  by  the  current 
Ithe  whole  energy  expended  in  the  circuit,  may  be 
Haced  by  increasing  the  electromotive  force  M  of  the 
If  £be  increased  to  nE  while  E^  ia  changed 
to  f,,  so  that  nE-E\  -  E—  i',,  the  electrical  efficiency 
,13  raised  to  {n-\)ln  +  E^jnE,  or  {(n- l)/7i  + I/ti'")  c 
•  former  efficiency.  Clearly  as  n  ia  increased  tins 
^roaches  more  and  more  nearly  to  unity. 


le  anerffj*  spent  in  lient  is  -/R,  or  {E~  EifjR,  and  the  ratio 
ia  to  Sy  ii  yltlE.  But  yR  ia  equul  to  tlie  oonBtnnt  diSer- 
i— ffi,  iiencB  tlic  ratiu  ia  (E—EjIB.  and  this  becomes 
Htlltr  M  S  ia  increitaed.  A  greater  efficiency  ia  tlierefure 
Itioed  by  usiag  liigli  potentials  tkiin  by  using  low  potentials. 
Iliiee  a  creitter  eleetnral  eliicieiicy  is  realized,  will)  a  given 
— "0-  or  dyniimo-eletlrio  itiacliine  useJ  ns  generator  nnd  ft 
DDtor,  wlien  botli  gcneriitor  and  motor  nre  run  at  higher 
Consequently  the  generator  ahuiild  he  run  as  fast  aa 
ibie,  aod  the  motor  loaded  lightly,  or  the  xpeed  with  which 
rorking  TesiBtance  ia  overcome  reduced  by  gearing  between 
id  the  motor. 

Wben  hijfh  potentials  are  obtnined  by  the  use  of  machines 
•Olind  with  fine  wire,  or  by  using  as  generator  a  battery  of  a 
Inrge  number  of  cells  joined  in  eeriea  to  drive  u  high  polentint 
|nnl:ir,  the  gain  nf  electromotive  force  is  oceom|iaiiied  hy  an 
i'icreaiie  of  resiatance  in  the  circuit.    But  if  we  soppoae  the 
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increaaed. 

E.M.F.  in 
ditTerent 


--  •"*  r 


".:.■:   T~  .:-r~«;v  i< 


•    *p. ' 


' -•  -.r .: 


■  ♦ 


/;  -  /: 


.  * 

A    -    ■ 

. . . " " 

•         • 

...' 

>   . 

1. 

• 

• 
'  1 

•      .    • 

.:  j: 

\v 

.  w 

:. 

r 

.  t.. 

a 

Jn:I»' 

;ii 

M> 

I 

:c 

■       .      '       '  r.di;i  t.'il 

^  ■    -     :  :  :v.   :  t.  if  ti 

. . "  ■:  ::.••  rt'<isrri 

■  -   ■-   :    •:.  i  ::.e  ie>isi.i 

:"■  ■  :  -::•  r.jiii  will  lu- 

".     f  *  .».•  r.ctlvitv  wri« 

■   ;.   1     TI;  of  what  it 

^-   .  :•.   -ALifli  tlu?  ;rciuv! 

r  -i-t   :..»^    in    <-iroiiit, 

■    V      :  It.  li;*.^  ratio  in  \\hiih 
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Ti:>-  •li'CtrouH'tivt'  foni*  IJ. 
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We  have  called  EJE  the  electrical  effideTicy  of  the  J?5[?'^"*K 

1  .     .  t  i.         1    ,      .  1     1       EflSoiency 

arrangeincrUy  but  this  is  not  to  be  coofouDded  with  the  of  Motor, 
efficiency  of  the  motor  itself.  The  activity  E^y  in- 
cludes the  wasted  activity,  or  rate  at  which  work  is  done 
against  frictional  resistances  in  the  motor  itself,  and  in 
the  gearing  which  connects  it  with  its  load,  as  well  as 
the  useful  activity  or  rate  at  which  it  performs  useful 
work.  Hence,  although  the  electrical  eflSciency  of  the 
arrangement  be  very  great,  only  a  small  amount  com- 
paratively of  the  energy  given  to  the  motor  may  be 
usefully  expended,  and  vice  versd;  and  we  define  there- 
fore the  efficiency  of  a  motor  at  any  given  speed  as  the 
ratio  of  the  useful  activity  to  the  whole  activity,  taking 
as  th«  latter  the  total  rate  at  which  electrical  energy  is 
expended  in  the  motor ;  that  is,  E^y  -|-  7^^x»  ^^'»  which 
is  the  same,  Vy,  where  V  is  the  diflference  of  potential 
between  the  terminals  of  the  motor.  Accordingly,  if  A 
be  the  useful  activity,  we  have  for  the  efficiency  of  the 
motor  the  ratio  A/  Vy.  We  may  call  this  the  working 
efficiency  of  the  motor. 

To  determine  this  ratio  in  any  particular  case  the  motor  is  run   Measure- 
at  the  required  speed,  V  is  measured  with  a  potential  galvano-    ment  of 
meter,  and  y  with  a  current  galvanometer,  and  their  product   Working 
taken,  or  /y  is  determined  with  some  form  of  electrical  activity-  Efficiency 
meter,  while  A  is  determined  by  means  of  a  suitable  ergometer.  of  Motor. 
A   very  convenient  and   accurate  friction  ergometer  may  be 
formed  by  passing  a  cord  once  completely  round  the  pulley  of 
the  motor,  and  hanging  a  weight  on  the  downward  end,  while 
the  other  is  made  to  pull  on  a  spiral  spring  fixed  at  its  upper 
end  aud  provided  with  an  index  to  show  its  extent-ion.     The 
weight  is  adjusted  so  that  the  motor  runs  at  the  required  speed, 
while  wasting  all  its  work  in  overcoming  the  friction  of  the 
cord,  and  the  extension  of  the  spring  is  noted,  and  the  corre- 
sponding pull  found  in  the  same  units  of  force  as  those  used  in 
estimating  the  downward  pull  due  to  the  weight.  Let  the  weight 
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"       ^^   'in.--   3  -T    MEsiifrr?-!  .-aaes  ia  which  electrical 

r.  -yil  work  by  umadi 

c  iu;tioD,  and  bave 

";        "  i  ■  -.tvlTfin  the  circuit 

ia  ■j'pia.  ■:':   'i.-:  nv?:  .1  i^-;iv:;v  of  ibe  motor  together 

iriA  tbe  BOATailaUe  part  5p«at  in  heating  tlie  cou- 

I  m  ciroDt.  an!  io  overcoming  the   frictiouJ 

s  oppoung  the  motion  of  the  motor.     Part  of 

the  electric*]  energy  developed  by  a  generator  mar 

Itowever  be  spent  in  cfTeclini;  chenuciil  decnm positions 

in  electrolytic  cells  placed  in  the  circuit,  tis,  for  example, 

in   chargintj   n   secondary   battery   or   "accumulator." 

Each  cell  in  which  electrolytic  action  takes  place, » 


CHARGING  OF  SECONDARY  BATTERY 

ftt  tbe  result  is  chemical  separation  at  the  plates  of  the 
tstitueiits  of  the  solutiun  acted  on,  opposes  a  counter 
Ktromotive  force  ti>  that  causing  the  current,  and  tlie 
iA  done  per  second  in  each  cell  over  and  above  that 
ent  in  heat  according  to  Joule's  law  (p.  75),  in  equal 
the  product  of  this  counter  electromotive  force  into 
B  strength  of  the  current.  In  most  cases  the  counter 
ectromotive  force  esceeds  the  electromotive  force  re- 
lired  to  effect  the  chemical  decompositions,  and  the 
letgy  corresponding  to  the  difference  of  electromotive 

se  appears  in  the  form  of  what  has  been  called  local 

t  in  the  electrolytic  cells. 
In  the  case  of  a  secondary  battery  charged  by  the 

■ent  from  an  electrical  generator,  which  is  the  only 

!  we  shall  here  consider,  the  activity  spent  in  the 
littery  while  it  is  being  charged  is  equal  to  the  product 

the  di£Ference   of  potential   existing  between   the 

niuals  of  the  battery  while  the  current  is  flowing, 
tiltiplied  by  the  strength  of  the  current.  Let  V  be 
lis  difference  of  potential  in  volts,  and  7  the  current 

tugth  in  amperes,  then  Vy  joules  is  the  whole  work 
unit  of  time   spent  iu  the  battery.     The  whole 
Blivity  spent  in  the  circuit  is  Ey,  or  Vy  +  y^H,  where 

s  the  total  electromotive  force  of  the  generator,  and 
!  ifl  the  resistance  of  the  generator  aud  the  wires  coll- 
ecting it  with  the  secondary.  Again,  if  £,  volts  bo 
electromotive  force  of  the  secondary  battery.  whic!i 
(ay  be  measured  by  removing  the  charging  battery  for 
1  instant  and  applying  a  potential  galvanometer  to 
he  terminals  of  the  secondary,  the  activity  actually 
lent  in  charging  the  battery  may  be  taken  as  E.y. 


or;  J 
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H'riiCv  •-:.r  r.::::*  if  :ir  a:::Ti:y  spent  in  chargii 
til*:  biV.-.rv  :>  ::,^  "i:-Ie  icfvitv  in  the  circuit 
A'j  '  V -^  />/  .r  £.  E.  ani  :r.e  ac::v:- y  wasted  in  hes 
iiii;  the  C'^iiiTi^MTj  iii  c:r:"u::  is  £—£,y.  This  ra 
/>,  A' is  th*.' .srane  as  ihfi:  f-iuni  rib-rve  in  the  cased 
•  'fiicr.'itur  an'l  a  m'.it:r.  ani  mriv  be  oa!k».I  as  before  I 
cIiM'tricfil  etiicii'Mcv  of  the  arraiiireRiOn!. 

iri'iR'f,  in  (»nlur  th:il  as  nearly  as  pcssible  the  wh 

v.Nn.niin  «*ltM't  rii*!»I  cii'TgY  givcn  oiit  in  the  circuit  may  be  sp 

'■■"■'*'   in  ch.iri^Mii*:  tin*  battery,  as  many  cells  should  be  plai 

in  ririMiit  as  suffice  to  nearlv  balance  the  electromot 

ior.-f  //of  till*  g(.Mierator,  tliat  is,  the  cliarginij  should 

'..  .i.i.^    io   pnuMM'd   as  slowly  as  possible.     In   pracl 

^^  ■  \  >  1 .  ;i  \iMv  slow  rat«.'  of  chare:  in  l:  is  not  i  cr'UiMni' 

•  .    .^  u.  IK  >|»vnt  in  lirivina  tlir  i::i'i:or;i*fr.  if  a  dviiiii 

.  ■    '..     .■:.  ; ■•  I  li'rlrii;   macliinc,  airainsr   fricti-mal   rcs 

•    ^'v  .■."»•   bi'  mwitor  than  the  usi-fnl  w.»rk  d^ne 

••  «1  it  tlio  sjKH'd  of  tlio  g(  inrator  slaokei 

^      :".«•    hattiTV    wonM    t(.nd      to     tlisdia 
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.    X  .-v'  ot   ilu^  motor  :'p.  2(>.V,  tlu?  oh-ctri 
;  ;■   .\::;r:L:rni«  nt    I'an   ho  incroa>od   hv 

■■•■         --•:■.•.!  A'-   A\   is   maintained  o- 
■  N     ■■•.   :...    1  :"  M  i\t    rnso,   hv    incrrasol 

.      ■   ■  X  ■.  '   V    *!-:■  :".  .-r  hv  nsiiiM-  a  m;iol.i 
^  ^'  "  ".^'x*   1' 'Tx  r.' :.'!<.      As  ln.-for.v  if  E 
^^     -'    .■  .    ;s      .  MiLii'U   to  7:      s.;»    tii 
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e  eleetramotive  force  of  a  Ymna  or  stornge  cell  is  ralLer   Meun 


I,  the  oounler  electroraotivB  force  which  it  opposafl  riBea   ^J*    . 

/  to  tt  liltle  leBB  Ihtin  this  value,  and  tlieroftfter  gradually   '-'"""6' 

MS,  while  tlie  charging  current  falla  in  strength.    In  urder 

ire,  tliereforCj  the  whole  energy  apent  in  ohnrging  a 

y  battery,  we  muat  either  use  eome  form  of  integrating  ,■] 

f-tueier  which  give^  accurate  results,  or  measiire,  at  sliort 

&1a  of  time,  ^with  a  potentiM  galvunometer,  and  y  with  q 

it  ga  I  r  lino  meter  placed  permanently  m  the  circuit.     After 

.Ilery  has  been  charged,  the  total  number  of  joules  spent 

Vobtaiued  by  multiplying  each  value  of  f'y  by  the  number  uf 

ds  between  the  instant  at  which  the  corresponding  readings 

taken  and  tljat  at  which  the  next  pair  of  readings  were 

I,  uid  adding  all  the   reaults.     Or,  more  exactly,  values  F 

Y  are  obtained  for  eaoh  interval  by  finding  the  arithmetic 

li  of  Ihe  values  of  /''  and  of  y  at  the  beginning  and  end  of 

■  interval,  and  taking  the  pr[>duct  of  these  two  means  as  the 

a  of  the  activity  for  that  interval.    Each  product  is  multi- 

d  by  the  number  of  seconds  in  tlie  corrcnponding  interval, 

'he  sum  of  the  products  is  the  whole  energy  spent.     The 

ral  work  in  joulea  having  been  thus  estiniated,  the  efficiency 

a  battery  may  be  obtained  by  finding  in  the  same  manner 

«totalnnniberof, joules  given  outin  the  external  workingcircuit 

itne  the  battery  ia  diarharging.     The  ratio  of  the  useful  work 

jtiM  obtained  to  the  wliole  work  spent  in  charging  is  the  efficiency 

(  the  bettery.     In  discharging  in  an  electric  light  circuit,  the 

■  latest  economy  ia  obtained  when  the  resistance  of  the  working 

rt  of  the  circuit  is  very  great  in  comparison  with  that  of  the 

HUry  and  miiia  conductors.     Neglecting  the  latti'c  part  of  the 

^idstance,  we  see  that,  if  a  large  number  of  lamps  are  arranged 

D  multiple  arc,  a  large  number  of  cells  should  also  be  joined  tn 

Vaittltiple  lire,  Bu  thai,  while  the  requisite  difference  of  potential  is 

BabtaiiM^d,  the  resialauce  of  the  battery  is  still  small  in  comparison 

villi  that  of  the  external  circuit. 


As  regards  the  moasnrement  of  energy  spent  in  electric  sieasi 

R'light  circuits,  in  which  continuous  currents  are  flowing,  J"*^^ 

I  have  already  sufficiently  indicated  above  how  this  spent 

may  be  done.     To  find  the  activity,  or  work  spent  per  curr 

Jiit  of  time,  in  any  part  of  a  circuit,  we  have  only  to  '^»""' 
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snmBtt.  7,  in  Jinp«g»  tloinag  thioa^  ic  mxik  acn 

I1IIII 1     if  che  wtiniy^ be «oasau>e,  we fanse M 

oi  nalttpif  Fy  br  the  onmber  uf  afwinAt  n 
jnavnii  dF  iuiKh a>  dad  i&b  ounUMa-  of  ja^heaapa 
Am  BBS  in  E^tt  pKt  of  tiM  aidiife  is  mwtiiin 
dH  iMBuwl;  IB  vwmUm,  the  w^e  en«57-  ipcnt  U 
dns  a^  be  g<awt»»i.  bf  tinfing  f^  at  lUc 
natafc  flC  Gbbs^  aarf  calcubum^  tfaa  Jntigrd  la 


9o  BF  ve  neve  basn  *'ffliBiHtniiy  <m^  auaanra 
matte  in  the  drcnita  if  hctXeiies  or  of  cootixiaoaa 
ROC  fi;a<^n:.>r3.  AlEeiaaapg  macfiines  in  which 
iJirectioD  »f  the  inuimC  is  reversoi  two  or  three  hut 
tioies  a  wcoml  are.  howerer.  frequently  empli 
especial^  in  electnc  tight  circiuts.  ami  it  is  nece 
thitnf-jTf:  itj  wa^er  the  methaxb  of  electrical  mea 
meot  available  ia  such  cases. 

The  onlv  electromagnetic  instnmients  which  ca 
used  in  alternating  circuits  are  such  as  depend  oi 
mutoaJ  f'lrce  between  two  cuneDt-canying  condut 
Etectn>iiyDamomet«r3  generally,  aod  cnrrent  weig 
nucli  lU  those  riescribed  in  Chap.  VII.,  are  iostrun 
which  act  on  this  priociple,  and  can  be  used  hot 
nlU^rimtiiig  and  in  continuous  current  circuits. 
Iinvc  only  to  indicate  hero  how  they  can  be  appli( 
iiidiBuro  currents,  differences  of  potential,  aud  act 
in  constant  or  nlternntiiig  current  circuits. 

In  practifiil  work  the  instniinenta  on  this  prin 
Uiuiilty  eiiiployud  are  audi  iw  ri'i|uiro  to  have  their 
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^^bs  determined  by  comparison  with  standard  io- 
^^■ments,  such  as  a  standard  tangent  galvaoometer, 
^if  a  standard  dynamometer,  and  are  dealt  with  in 
Chap.  TIL  We  may  here  mention,  in  addition, 
Siemens'  electrodyuamometer,  in  which  a  suspended 
coil  is  acted  on  by  a  fixed  coil,  and  the  strength  of 
the  current  deduced  by  means  uf  a  table  of  values  for 
■iiflferent  angles,  from  the  torsion  which  must  be  given 
■  ■  a,  spiral  spring  to  bring  the  coil  back  to  the  zero 
jiisition. 

When  an  instrument  on  this  principle  is  arranged  for  Aotivil 
use  as  an  activity-meter,  one  set  of  coils,  the  fixed  or  * 
the  movable,  is  made  of  thick  wire  so  as  to  carry  the 
whole  current  in  the  circuit,  while  the  other  set  is  made 
of  high  resistance  and  is  connected  to  the  two  ends  of 
ihe  part  of  the  circuit  in  which  the  electrical  activity 
is  to  be  measured.  In  this  case  the  force  or  couple 
required  to  restore  the  movable  coils  to  the  zero  posi- 
tion is  proportional  to  the  pro<luct  K7  of  the  difference 
of  potential  and  current,  that  is  to  the  activity,  for  that 
part  of  the  circuit;  and  if  the  instrument  has  been 
properly  graduated  this  can  be  at  once  read  off  in  watts. 
or  in  any  other  chosen  units  of  activity.  Instruments 
of  this  kind  have  been  made  by  Professors  Ayrton  and 
Perry,  Sir  William  Siemens,  and  Lord  Kelvin.  Lord 
Kelvin's  form  •  is  a  modification  of  the  balance 
■ieacribed  above  (Chap.  VTI.),  in  which  the  main  current 
is  sent  through  one  set  of  the  mutually  acting  coils, 

■  7«T  ■  fnll  ii««Tiptior  8fctheBathor'«SmnlIerTre«Us*,  Cliap.  VII. 
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which  aro  therefore  of  low  resistance  ;  while  the  otl 
set  of  coils  are  of  high  resistance  and  are  applied 
the  terminals  of  the  portion  of  the  circuit  in  wliicb  1 
activity  is  to  be  measured,  and  therefore  cany  a  cum 
proportional  to  the  difference  of  potential  between  tb 
two  points. 

We  shall  now  consider  the  measurement  of  curre 
and  differences  of  potential,  and  therefore  also  of  el 
trical  energy  in  the  circuits  of  alternating  machines 
of  transformers.     In  all  such  circuits  the  march  of  I 


current  in  each  complete  alternation  may  be  stkl 
roughly  as  a  rise  from  zero  to  maximum  in  one  dii 
tion,  then  a  diminution  to  zero,  then  a  change  of  a 
and  a  rise  to  masdnium  in  the  opposite  direct! 
followed  by  a  diminution  again  to  zero.  The  law 
cording  to  which  these  changes  take  place  is  mor« 
less  complex  in  the  various  cases,  and  the  compi 
mathematical  representation  of  the  current  strengtii 
any  time  would  require  an  application  of  Fonrit 
method  of  representing  any  arbitrary  periodic  functi 
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by  means  of  an  infinite  series  of  simple  harmonic  terms 
of  the  form  A^  sin  (irU  -  e<),  where  w  is  27r  divided  by 
the  period  jT  of  a  complete  alternation,  A^  and  Ci  con- 
stants and  i  any  integer.  It  has  been  found  experi-  Law  of 
mentally  by  M.  Joubert  that  the  variation  of  electro-  xiterDAte 
motive  force  in  a  Siemens'  alternating  machine  can  be  Current 
expressed  by  the  single  harmonic  term  H  sin  nt,  where  ^^^*'- 
we  reckon  t  from  the  instant  at  which,  the  electromotive 
force  was  zero  when  changing  from  the  direction 
reckoned  as  negative  to  that  reckoned  as  positive. 
The  values  of  Hsinnt  are  shown  graphically  by  the 
ordinates  of  the  curve  in  Fig.  147,  t  being  measured 
from  A  along  AB.  The  maximum  and  minimum  ordi- 
nates CJB,  DF  are  in  length  numerically  equal  to  the 
electromotive  force  E.  This  law  applies  fairly  to  many 
altematiug  machines,  and  we  assume  its  truth  in  most 
of  what  follows  (see  however,  Hopkinson's  experiments 
on  rapid  cycles  of  magnetization,  curves  -4,  Chap.  XIII. 
Sect.  III.),  The  more  general  case  can  be  dealt  with, 
v^rhen  results  for  it  are  interesting  or  useful.  By  means 
of  a  proper  contact  arrangement,  which  makes  connec- 
tion with  an  electrometer  at  different  instants  during 
an  alternation,  the  values  of  the  difference  of  potential 
between  the  termiuals  at  these  instants  can  be  obtained. 
If  the  difference  of  potential  does  not  follow  the  simple 
law  of  signs,  the  simple  harmonic  constituents  can  be 
deduced  by  the  method  of  Least  Squares  (see  Appendix), 
from  a  sufficient  number  of  such  observations. 

The  current  strength  is  affected  by  the  action  of 
self-induction  to  a  greater  or  less  extent  in   all  such 
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machines  independently  of  the  disposition  of  ' 
external  circuit,  especially  if  the  revolving  annat 
contains  iron ;  but,  as  shown  below,  it  follows,  witJ 
difference  in  phrase,  the  same  law  as  does  the  eled 
motive  force.  The  effect  of  variations  in  the  fi 
nu^et^s  produced  by  the  rotating  armature  baa  aisc 
arigorouB  theory  to  be  taken  intoaccount.  but  this  eS 
in  well-designed  machines  without  iron  in  their  an 
tures  is  not  great,  and  where  experiments  have  h 
made  to  detect  it,  has  been  found  to  be  slight,  and 
shall  therefore  neglect  it. 


Mean  Writing  then  y  for  the  current,  at  a  time  t,  reckoned  t 

Currant     the  infttant  at  iriiich  the  current  was  zero,  we  have 
in  Alter. 


y=^si 


Hence  if  C  denote  the  n 


Mfjisnre-        Now  if  an  electrodj-namomBter  be  placed  in   tlie  cirenii 

mcni  of     that  the  same  current  psasee  through  both  ita  fiied  and  movi 

Menn       coila,  the  current  in  both  will  be  reversed   at  the  saiiie  insl 

Current,    and  their  mutual  nction  will  be  the  anrae  for  the  same  cur 

strength,  and  will  he  proportionul  to  f  that  is  to  A*  ain^nl. 

the  period  of  the  alternation  be  Bmall  in   compariBon   with 

Sflriod  of  free   oscillation  of  the   tnovahin  coil  pj-sfem  of 
ynnmometer,  the  mutual  action  of  the  Gicd  and  movable  ( 


ALTEENATING  CIRCUITS 
as  if  a  contiuuoua  current  y'  given  by  the 


e  kept  flowing  through  thera.     But  by 


1  substituting  from  (13)  in  this  equntion,  \ 


Current  i 
Square 
Root  of 

(15)    Square  c 
Curieid 


(16) 


I  order  therefore  to  find  the  actual  mean  current 
reDgth  iu  the  circuit  of  an  alternating  machine  from 
le  value  of  7'  given  by  a  current  dynamometer  we 
lUBt  multiply  tlie  latter  by  '9 ;  in  other  words  the  mean 
irrent  strength  is  9/10  of  the  strength  of  the  contin- 
Dus  current  which  would  give  the  same  deflection. 
be  product,  if  7'  has  been  taken  in  amperes,  multiplied 
y  the  number  of  seconds  in  any  interval  of  time  during 
hich  the  machine  has  been  working  uniformly  on 
B  same  circuit,  will  give  the  number  of  coulombs  of 
ictxicity  which  has  (lowed  through  the  circuit  in  that 
ne. 

The  measurement  of  differences  of  potential  is  how- 
ever attended  with  more  difficulty  on  account  of  the 
effect  of  the  self-inditction  of  any  electromagnetic  in- 
strument which  can  be  applied  to  the  circuit  for  this 
purpose.  The  following  method  ,of  employing  a 
b  electrometer  for  this  purpose  has  been  used 


Heunn 

DitTareDr 

of  Potai 
tialby 

Iclioslatl 
Electro 
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laiosuiie  by  M.  Joubert.*     The  needle  of  the  instrument  is  I 

Klectro-    uncharged,  and  the  charging  rod  connected  with  it  a 

mater,     uged  as  a  third  electrode.     If  the  needle  be  connect 

to  a  point  in  the  circuit  at  which  the  potential  ie 

relatively  to  the  outside  case,  one  pair  of  quadrants 

a  point  at  which  the  potential  is  V^,  and  the  other  p 

at  a  third  point  where  the  potential  is  ^'j.  and  if  D 

the  deflection  of  the  spot  of  light  corresponding  to  t 

angle  (supposed  small)  through  which  the  needle  I 

been  turned  against  the  bifilar  suspension,  then  sutyi 

to  the  caution  below  we  have  (Vol  I.  p.  297)  2 


D  =  i[r, 


■v,{v-^-^^') 


where  k  is  a  constant.  M.  Joubert  connected  t 
needle  (and  case)  to  the  pair  of  quadrants  at  potent 
V,,  so  that 


-D  =  ;((',-  V,)' 


This  equation  is  applicable,  whatever  the  law  of  t 
electrometer,  provided  k  be  determined  by  a  proci 
of  calibration  with  known  differences  of  potential. 

It  has  been  found  by  Professors  Ayrton  and  Pei 
and  Mr.  Sumpner  f  that  when  a  quadrant  electrorael 
is  used  idiostatically  the  metallic  cheeks  left  where  t 
guard-tube  ia  cut  away  for  the  needle  exert  an  influen 
on   the   needle   in   its   un symmetrical   position   wh 


•  Cmnpto  JJmrfiw,  July    ISSO.      Jnnal'S 
May,  18S3. 
t  Phil.  Trans.  R.S.,  A.  1891. 
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deflected  whicK  reoders  the  formula  (17)  seriously  in- 
accurate. It  may  be  used  however  vrithout  correction 
for  values  of  V  up  to  about  100  volts.  In  quailrant 
electrometers  now  (1892)  being  manufactured,  the 
guard-tube  is  dispensed  with." 

A  multicellular  or  vertical  voltmeter  f  may  (pre- 
ferably) be  used  instead  of  the  quadrant  electrometer, 
except  when  three  points  at  diflferent  potentials  are  to 
be  connected  to  the  electrometer  at  the  same  time. 
Any  doubt  as  to  the  applicability  of  the  expression  on 
the  right  of  (18),  with  k  a  constant,  ia  avoided,  for  iu 
these  instruments  the  values  of  different  defleclions  ou 
the  scale  have  been  6sed  by  experiment. 

If  the  terminals  of  the  electrometer  employed  be  con- 
nected to  any  two  points  in  the  circuit  of  a  machine  in 
which  the  period  of  alternation  is  short  iu  comparison 
with  the  free  period  of  the  needle,  the  couple  acting  on 
the  needle  will  be  at  each  instant  proportional  to  the 
second  power  of  the  difference  V^  -  V^  of  potential 
existing  between  these  two  points  at  that  instant. 
Also  as  in  the  similar  case  of  the  dynamometer  above, 
the  deflection  of  the  needle  will  be  tlie  same  as  that 

Mdiich  would  be  produced  by  a  constant  difference  of 

Bpteatial  V  given  by  the  equation 

^~*  To  Messn.  Aj'rton  and  Perry's  instnimsnt  (IS)  wu  applicable 
only  vhiiii  thu  distance  apart  ol  the  quadraota  was  3*9  mmti.  The 
dintanre,  if  uij,  of  the  qaadruits  a]isrt  for  wbkh  the  fbrmuln  isi 
correct,  ahonld  Im  foand  by  experiment  for  each  eleutrouielDr  uai^d  iu 
ihii  mttnacr. 

^J  S«9  SmaUrt  Trealiae  Chap.  VII.,  and  Vol.  I.,  p.  301. 


\\\y^-v,Ydt 


(19) 
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I*""        If  w«  denote  Ui«  Mcta&l  me&o  diderence  of  petalii 

-  Xmm  hy  }\,  tbra  nnce  Uw  diffeteoei^  of  pot«oliftI  foiln 

^  tite  suae  Uw  of  nfutkn  as  tbe  can«nt  we  get  aki 

K^  r,  =  -9003F' (S 

If  wc  know  th«  resistance  in  U>e  part  of  the  extern 
circuit  between  tlie  points  vt  wbich  th«  ekctronieli 
«liC«tnKl<>«  an  ap]>Ued.  tb«n  calling  thij  rcautuice  j 
Mid  suppoBin^  tbat  tliia  part  of  tlie  circoit  coaUiiu  i 
motor  or  other  armiigeiuent  giring  a  back  electr 
motin:  forcB,  and  that  the  ratio  of  its  self-inductiou  I 
lW  poHod  of  alternation  u  lero  or  negligible  io  coc 
pnii»\n  with  R,  we  have  for  the  meaD  \'alue  of  ll 
oHtTvni  r«  Jl,  and  thus  by  means  of  an  electromett 
iUAa<i  we  ran  measure  not  only  the  difference  of  powi 
tinl  bMMi^ii  the  ends  of,  but  also  the  current  in,  tbi 
(vwl-rtn  (■rf  the  circuit. 
^^i^;^  li  i»  to  bf  noticcil  that  the  resistance  of  the  coi 
i4>»i>MnL  in  otn'nil  is  less  the  greater  the  frequency  i 
kMr««Mit,w.  Tbi*  ^-ahation,  as  explained  at  p.  3^ 
4iitw<)«^  t»  i«<-  !•>  Uto  fact  that  as  the  alternation  ii 
«fwu»fc  lit  n^iiiy  tb^  cum-ut  is  more  and  more  coi 
KtaMl  *!))  )Wth-utx>  actioQ  to  ih*  outer  strata  of  the  coi 
il^^fM.  wbh'ib  is  t4ii>Tufor«  virtually  reduced  iu  aectioi 
V%tt  n  W4  to  be  (unfounded  with  the  fictitious  increa: 


■*)!'  \M»iW*lM»W  wvn  in  the  expression  ^R"  +  w*Z*  (see  ] 
^#?  WJ.''*'  »Wh  arises  directly  from  the  electroniotii 
■}«>,>  ^  arJf.)ivlut*lion  ;  but  is  a  real  increase  of  til 
\^ Vv  tM  X  IvM-  the  current  in  question.  (See  table  of  tt 
yvwivfA^yiit  ivi" ,>wductors  &(  different  periods  of  altemi 


ALTERNATING  CIBCUIT8  6«6 

Denoting  by  An  the  mean  value  of  the  electrical  activity  in      Mean 
this  part  of  the  circuit,  still  supposing  the  self-induction  of  this    Activity 

part  to  be  negligible,  we  have  plainly  ^^  Alter- 

nating 
1    rr  V'i  Circuit. 

^*  =  Wj ^{fx  -  J'il^dl  -  f~-  .    .    .    .    (21) 

In  the  same  way,  since  the  value  of  the  electrical  activity  at 
any  instunt  is  y'A,  we  have  from  the  results  of  experiments 
made  by  an  electrodynamometer, 

^- = I  f  V<^' = y^ (22) 

I   J   0 

From  these  two  results  we  get 

^«=ry (23) 

That  is 

The  true  mean  value  of  the  electrical  activity  is  equal  to  Effect  of 
the  product  of  the  square  root  of  the  mean  square  of  the  induction, 
difference  of  potential,  by  the  square  root  of  the  mean 
square  of  the  current  strength.  It  can  therefore  be 
determined  by  means  of  an  electrometer  and  an  electro- 
dynamometer  of  negligible  self-induction  without  its 
being  necessary  to  know  the  resistance. 

We  shall  now  consider  the  case  in  which  the  self-induction 
cannot  be  neglected.  Let  It  be  the  total  resistance  in  the 
circuit,  y  the  current  flowing  in  it  at  the  time  /,  E  the  total 
electromotive  force  of  the  machine,  and  L  the  inductance  for 
the  whole  circuit,  that  is,  the  number  which  multiplied  into 
dy/dl  gives  the  electromotive  force  opposing  the  increase  or 
diminution  of  the  current.  We  shall  suppose  L  a  constant, 
although  there  can  be  no  doubt  that  in  some  alternating 
machines  its  value  is  different  in  different  positions  of  the  arma- 
ture. The  iron  cores  of  the  field  magnets  act  to  a  greater  or 
less  extent  as  cores  for  the  armature  coils,  and  as  the  magnetic 
susceptibility  of  iron  is  a  function  of  the  strength  of  the  mag- 
netizing current,  Z,  which  is  the  magnetic  induction  through 
the  armature  produced  per  unit  of  its  own  current,  must  vary 
accordingly. 


T<N-^Pi».jB,^j-'fe« 
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667 


Also  for  the  mean  square  of  the  current  strength  as  given      Mean 
directly    by   an    electrodynaraometer  we    have    by   (27)    the  Square  of 


'2 
y2  = 


i?n» 


T{R^  +  n^U) 


f  8in«(«<-  e)dl 

J  a 


So* 


2JP  +  n»X» 


(30) 


and 
£*M.F* 


and  we  have  therefore  as  before,  the  relation 

y«  -  -Qooay. 

From  (27)  we  see  that  the  effect  of  self-induction  is  to  diminish  Difference 

every  value  of  the  current  in  the  ratio  of  EJ(F*  +  n^L*)h  to   of  Phase 

So/^y  and  to  produce  a  retardation  of  phase  which  measured  in         of 

time  is  6/n  seconds ;  that  is,  the  resistance  is  virtually  increased     Current 

in  the  ratio  (iP  +  n^L^h/Jt,  and  the  current  in  following  the  law 

of  sines  passes  through  any  value  e/n  seconds  after  it  would 

have  passed  through  the  corresponding  value  if  there  had  been 

no  self-induction.    If  in  Fig.  147  above  the  ordinates  of  the  curve 

of  sines  represent  the  values  of  the  current  at  different  instants 

of  time,  when  L  is  zero,  the  current  would  be  represented  for 

any  given  value  of  L  by  diminishing  the  ordinates  of  the  curve 

all  in  the  proportion  of  72  to  72*  +  n^L"^,  and  shifting  the  curve 

along  A  B  from  left  to  right  through  a  distance  equal  to  i;.     It 

is  plain  also  that,  for  any  finite  resistance  It,  by  diminishing  T, 

that  is,  by  increasing  the  speed  of  the  machine,  the  current 

can,  by  (27),  be  made  to  approach  the  limiting  value 


,.j.,n 


("'  -  i) 


(31) 


which  is  independent  of  the  resistance,  and  has  a  retardation  of 
phase  of  Tf4  seconds,  a  quarter  period  of  a  complete  alternation. 
Hence  integrating  over  a  half  period  from  zero  current  to  zero 
current  again,  and  dividing  by  T/2  we  get  for  the  maximum 
mean  current 


27 


(32) 


To  find  the  mean  value  An  of  the  total  electrical  activity  in 
the  circuit,  we  have  by  (26),  and  (27) 


1  fT 


{IP 


E^R 


Maximum 
Mean 
Current 
for  Oiven 
Resist- 
ance. 


Mean 

Electrical 

Activity 

in  Circuit. 


2  i22  +  n«Z« 


(33) 


klMt  I 


Ml  BLicTKicu.  icnvrrr 

□cocv  l>y  (JO^  if  Ag  adivitj  it  tpent  in  lic«t 
J-  -  t'* 

that  U.  the  trae  mc*a  rahie  of  dw  lotkl  electrical  utiritf' 

iKjtial  to  Uw  toe«o  «i}ave  of  tte  cwimt  atrcBgth  nnltiplM  If  t 

totnt  reuiUOM  in  tircoit    This  tlao  mpplies  to  p^rt  of  a  dm 

Mulmnni        it  unj  coaiI;  be  ■faovn,  bwn  (33),  by  tlic  ordiiurj  nxtb 

Acttvit)*.    tlist  llie  tout  activitj  in  Ifae  cireuii  is  ^eaiMt  itlicn  fi-ii 

1.    For     tliul  is,  /or  a  ffiroi  ip-^i  ma/  «  yi'm  rofaie  0/  L  the  acliT^ 

"jr»"    .  is  0  maximum  wben  «=ii£.    It  mast  be  ob«ned  Iio,«»er  ll 

"?*?,";'      rtr  a  yinm  «»i»ftiii«  B  the  ttctiritr  is  greater  the  anialler  I 

"nm         *'''"•  "'  ^'  ^''*'^  '**  "■*  K"'^'  l*"*  »P«^-     'Vnien  *  h»  I 

J    Pg,      value  nL  we  have,  by  (27)  e=ir/4 :  that  is.  the  relanlkliaa 

pliuHO  {h  then  one-eigbib  of  tbe  whole  period.* 

Supnoaiiig  the  electromotive  force  and  current,  Ihooj 
parlodlc,  not  to  follow  the  simple  sine  laip,  then  as  we  Ia 
•eell  above  we  amy  represent  either  by  a  Fourier  aeriea.    Thi 


ItMt«t- 

ann. 


E  =  SEi  < 


(2i 


RM.F.      where  i  In  an  ifi[e);er,  and  lakua  all  tite  values  required  for  i 
implf  cjiiipoDeatH  which  muke  up  tiie  petiodic  fuuctioo  wliii 


.-  Uf  Ihr.  >,m,v. 

For  oiiuation  of  current  n 


V  instead  of  (26) 


1a*  <*     of  viiieh  111*  solution  is 


1'^+ By^lEiSiu  (,inl-Ci)    ....(» 


»  *  •      :.. '- =.  COB  ^1  = 


N'jP  +  lVi« 


(M 


,_  ...  _ work  and  retirdatioa  of  pha! 

A  ««K  M  *<H«4  i^  ti*  IhttmitiGal  resalti  stated  above  u  to  the  actii 
*  iJWuwwWN*  iimwito"*.  *«•  Brst  we  beliava  given  by  M.  Jonbn 
*;nijftn  JtMiiim  (iU'4^  Tha  prohlvma  of  alteraatinK  machine*  i<a& 
M  ywWMi  or  M  uotnrs,  wcrti  conajdired  by  Dr. 
OkMAVwIatlwlDil.  orniril  Engs.  IS83,  aailinaial 
4I  AlHntatiBs  l■^l^™nt»,■■  Soc.  Tel.  Engs.,  and  B 
•  MilMi|«ui  lifaulta  of  this  latter  pB|vr  are  reprodoe 
jb  m»^i^  Vf**  >«-  cil.  p.  6ijS  above. 


■bang 
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before  we  may  neglect  the    exponential  term 


f  now  wo  wish  to  find  tlie  mean  square  of  tlie  current 
■Dgth  we  hnve  only  to  square  the  HerioB  on  the  rijiht  of  {ZT) 
And  integrate  over  the  whole  compound  period,  2nln.  that  is, 
over  &n  iniTvul  which  is  the  least  common  multiple  of  the 
{Mriods  of  the  coiupoDents,  Now  it  can  be  easily  shown  that 
«n  integral  of  the  form 


>'■<■- 


-  ■>,)  sin  (Jni  - 


-  <Pi)^t 


vaniebes  when  taken  over  an  interval  2b/h,  unleas  i  =  j.  For 
the  product  under  the  integral  sign  can  by  elementary  irigono- 
melry  he  renolved  into  the  difference  of  two  coaineH,  each 
yieldiiig  a  simple  integral,  which  obviously  vanislies. 

Then  since  Maaa 

[^"  ■  .,-  -  ^.j,      1         ■£■*=  Current 


-  [""si, 


o  gel  for  the  mean  square  of  the  current 


*  iP  +  i'n^L* 


Squant, 


=  iS 


AM 


■V-' 


that  is,  the  mean  square  of  the  current  is  the  sum -of  the  mean 

SD&Tcfl  of  the  currents  which  would  be  given  by  the  components 
7  if  each  existed  separately. 
The  mean  activity  is  given  by  the  equation  i  Me«a 

Actiril! 


J«- 


r2« 


a  {ill  -  €i) 


-  ^'fl>  +  l'«'i' 


IB  on  the  right  ia  performed 
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m  obUinad,  ftU  of  winch  * 
which  I  —J.    Bat  we  have 


V"  -/S*  +  j»«>i* 


/^oB(i-(-/0»(fc<-*-Wi 


s/it'  +  wi" 


.1     ^^ 

'  jp  +  i 


^■'1%: 


IP  +  iVL'    ' 


I 


»*i^" 


Uiit  i«,  0)0  mean  activity  1b  the  Bum  of  th«  ii>«an*ctiviti««1 
t)it>  componant  currents  would  give  Beparatotj. 
Alto  by  (80')  and  (33'}  « 

J*  =  7'S 1 

!  ru<-  iTEiolioiil  iiuportance  of  tills  result  lies  in  this,  tfci 
[■■lim>»  tliNl  any  nietliod  of  measuring  power  which  ia  dw 
•  .  iii'il  flit  n  currant  following  tke  simple  sioe  law  of  virit 
>'  iiSi  tlip  liiuc.  ia  alao  true  for  any  periodic  current  whstCTcr 
n>i\iiv'1i  at  iMii'li  ■  current  can  be  regarded  as  made  up  of  tic 
MR*  1-uironIs  of  different  periods.  For  example,  the  genen 
of  th*  tn^lhiMl,  gii-en  below,  of  measuring  power  in  the  cir 
rt  a  ln.tt»A*nwT  i-an  be  inferred  from  this  reeull,  aa  hna  1 
mMrLvJ  by  IV>f.  Kerry.* 

\t\*  lk»  cif>""it  lh*Ki  I*  two  Houroea  of  eleotromotiye  fort 
•  wtt^nl  r,  hut  of  different  phases ,-  for  exampU, 
*iriv*n  w  a»  to  have  •' —'     '    - 


tvt  WM>-^««>a  4 


i  period  of  altarual 
the  two  electnimo 
•»  isimbtna  to  give  a  aiiigle  electromotive  force  of  the  a 
fw>ts«l  •■  lh»  comuoo^nts.  but  differing  in  phase  from  either 
Wuti  in  ■■•  ill*  KUbition  il  is  only  necessary  to  take  this  resul 
*iWs-4iiMW»<Ke  forro  n«  ff^aina/,  reckoning  the  time  frum 
Iw^anl  •(  whicli  sin  ■/  is  lero  and  increasing.  If  the  diffen 
ft  fk,»/K^  b*  :{>  rvckoDe-l  In  angle,  the  interval  between  the  i 
tf«aM>'«  hialanla  at  which  a  component  ia  increasing  through  : 
tl  *f  ».  Henoi'  taking  the  »eto  of  reckoning  of  time  mid' 
Wmi'tW  U»a»*   two   instaula  we  may  denote   the  two  con 


•  FM.  Uag.,  Aug.  I8B1. 


TWO  ALTERNATORS  WORKING  IN  SEBIES 

HPntB  hy  EtBin{nC  +  'p),  £'jsin(nf-</i).     Calling  their  resultaot 
E,  Bin  {nl  -  ^),  we  have 

£,ain  (nt  -  ^)  =  E,  sin  («(  +*)  +  £,  ain  (ni  ~  if)     (35) 

By  elewentflry  trigonometry  we  get 

Eo^  =  Ei'  +  E^  +  2£,EjC 


«2* 


tan  f  =  ^.1  —£  tan  <(] 


(36) 


When  ^  =  o,  i(f.  =  0,  and  Eo  =  Ej  +  iJ,,  as  is  evident  without 
cftlculolion.  since  the  machines  are  then  in  the  aame  phase.  If 
£,  =•  E^  that  ia  if  the  macUinea  are  equal,  the  resultant  is  in 
phase  halfway  between  its  components.  When  tbia  is  the  case 
we  Lave  also 

£■(  =  Sffi  COS  ^ (37) 

which  when  0  =  o  gives,  as  it  ought,  E^  =  2E,. 

C  una  id  ering  still  two  unequal  machines,  and  remembering  thai 
when  the  value  of  the  resultant  electromotive  force  is  increas- 
ing throngh  zero,  the  value  of  the  current  is  given  hj^  (27}, 
that  then  the  electromotive  force  of  the  leading  mauliina  is  . 
/.',  HJo  (it(  +  <p  -\-  ^),  and  that  of  the  following  machine 
/:..  sin  (ii(  -  4t  +  <f'j,  we  have  for  the  mean  aotivity  ^,,  of  the 
!i.';iding  machine 


r(H*  +  H«L')t. 
1        g|,Ei 

{R 


1  (T 

a  {nt  -  e)  sin  (ni  +  $  +  i^)rf( 


cos  (0  +  ^  +  e) 


1      g,Et 
■  2  iP  +  n'L* 


^{'t'  +  n  .  (38) 


To  find  the  mean  activity  of  the  foUowing  machine  we  have 
O  chugo  the  sign  of  0  in  this  expresaioB.     We  get 


bC*.  V.)  +  n£Bin(*-y)J  (89) 


ELBCTBICAL  ACTIVITT 
Vthe  macliinei  be  e<]Ufi1  E^  =  E^,  and  ^  = 


^(flcos*-nZ8iD*)l 


JP  +  ri'L*' 


Since  ^  is  lesa  than  ir/2,  both  coa  (J»  ani]  sin  <^  are  poBJriv 
therefore  the  following  innchine  docs  luora   work  than  tlie  1l 
ing  machine.     Hence,  unless  each  is  completely  cnntrolleiin 

I   the  prime-mover,  tho  lending  machine  will  increase  ita  lead,  d 

-  this  will  ^o  on  until  2^  =  r-,  when  the  two  m&chinee  will  b«] 
exactly  oppoaile  phased,  and  will  exactly  nentralise  one  viotlJ 
This  tendency  to  assume  opposition  of  phase  depends  onlj 
difference  A^m  -  J,m,  and  this  having  the  factor  nLi(,Rr  +  n'd 
has  a  masinium  value,  for  a  given  resisliuicp  and  a  given  pea 
of  alternation,  when  bL=  R.  ' 

The  machines  thns  arrange  themselves  so  that  nn  oirnj 
pasaes  in  the  wiree  joining  their  lerminals,  and  thew  win 
alternate  in  rolntive  potential  with  the  perifKt  of  the  maehinj 
nnd  each  Is  at  any  instant  rery  appro (imBtely  at  nne  potenfl 
tlirouKhoiit.  It  might  therefore  be  inferred  that  if  a  wtvkH 
circnit  be  joined  from  one  wire  to  the  other,  n  current  will  p^ 
through  that  circuit,  and  that  the  two  machines  will  contnl  a 
another  so  ax  to  keep  in  the  same  phase  in  supplying  it.  % 
sUiill  cmsider  this  case  as  a  further  esaraple  of  the  theory,     1 

,1  Let  2<^  be  the  difference  of  phase  with  reference  to  f| 
external  circuit,  so  that  at  time  1,  E  siw  {nt-\-^),  E  sin  (jtl^ 

I  are  the  electromotive  Forces  of  the  two  mnchines,  ■f^.•ff  4 
carrcnts,  L  the  coefficient  (supposed  constant)  of  self-inducti 
for  each,  r  the  resistance  of  each  machine  from  one  point  i 
attachment  to  the  other  point,  and  It  the  resistance  of  l| 
external  circuit.  We  shall  suppose  that  the  external  circuit  ■ 
nn  sensible  self-induction,  and  that  tbe  whole  work  thl 
developed  is  spent  in  overcoming  resistance,  for  example,, 
lighting  glow-lamps.  By  considering  the  circuit  through  ea 
machine  and  the  external  resistance,*  remembering  that  ^ 
current  in  tlie  latter  is  y,  -|-  y,,  and  therefore  the  diSerence  ■ 


innls  fl(yi  +  yj)i'we  find,  as  at  p.  i 


+  ■71  +  fifri  +  7.)  -  «•»  ("'  +  *) 


^  uid  Hnbtracting  we  get 
+  rO  +  (2*  +  ')  (»l  +  rJ  -  2«=" «  ■  •" 

n  -  rt)  +  '(ri  -  rO  -  Miimfi.co.tii 

theae  we  find  as  in  (27) 


|(2J!  +  ,)'  +  n>L'\i       > 

2ffa"i*  ,    .        „ 


tf  i4i«  b«  the  & 
E  cr. 


(U)  I 

{«)■■ 
{48)  J 


Ity  of  the  leading  machine 
§rj^  (n  +  y,  +  7i  -  T.)  ain  (nl  +  «■« 


"^  (.-  +  M')t. 


n(,,l 


I-  «* 


I  :(2J?  +  r)  cga'  t^ 


n  ^  COB  ^l 


(8«  +  r)'  +  n=Z>'> 

X  X 


'r»  +  n'ia^ 


ELKCTRICAL  ACTIVITT 
.n  Mtivity  Jp,  of  tfae  following  niAcbiii)>  in»y  U 


or  eich     from  J,^  hy  altering  tUe  sign  of  A  tliroughpnt  the  erpm 
Mschjoe.    oa  the  right.     " o  -r  -e  j 


£* 


ft  +  r)'  +  n'ii 

^  2  /^  +  »»i' 


^![2A  +  r)co8*^  +  ni 


1 

etpm 


Theory  of 
SvnohM- 
nliingof 

Two 
PanUd 
Alter. 

Alt«r- 
n«tiiig 


A^m-A-m  is  positive,  that  is  luore  work  is  done  In 
leading  ifiaii  by  the  following  mnchine.  The  iW 
therefore  tend  to  zero,  and  the  machines  to  settle  donii 
coincidence  of  phase  with  referenoe  to  tlie  external  circuit, 
is,  into  opposite  phnsea  with  reference  to  their  own  ei: 
which  agrecB  with  the  result  already  obtained. 

We  shall  consider  only  one  more  case  of  this  theory,  th 
an  alternating  motor  connected  by  its  temiinals  lo 
conductors  upon  which  an  *lternaling  difference  of  poteot 
impressed  by  other  niachines.  Let  the  niotor  be  Marled  ( 
to  hsve '.he  Biime  period  of  alternation.  Tlieo  denoting  by  J 
resistance  of  tlie  motor-armature  and  tile  leads,  up  to  the  I 
at  which  the  difference  of  p«ential  is  impressed,  by  Z  the 
inductance  for  the  same  part  of  the  circuit,  by  £,Hin(B/- 
tlie  impressed  difference  tit  potential  at  time  (,  by  £,  sin  (nl 
the  bock  elect romoliTe  force  of  the  motor  at  tlie  same  ine 
m>e  liavo  for  the  equation  of  the  current 


1^+*, -«,■»(«' +  ♦!- 


i.(.i 


*) 


Thuraaf  Til"*  «"»lioii  tliffers  onlvio  the  sign  of  S.  from   that 

Wtw.  »f^*^'  (»»  *'"'  (■"•*  •'«"'  "t*  'lediifed.     Henee   taking 

lUtlnf  v«hw  irf  .i^  in  ,*l)  we  iuive  for  the  mean   electric  acli 

Motor.  irMiwIlflrihe  uiuior 


'it^  +  >fp' 


AITERNATE-CURRENT  MOTOR 
Be  secoDil  of  (61)  gives 

{ these  ralueB  aubslitiited  in  (50)  yield 


SK'  +  n'L' 


|f,(flcos20  +  »Z8in20)  -  £^B}     (62) 


4 


ow  24>  being  the  difference  of  phase  cannot  be  numericnlly  MiximC 
r  tliun  w,  and  tlierefore  the  work  receivrti  by  the  motor  is    V«lu«) 
rvhon  2ctt  18  ntgativo  tlian  when  it  is  positive,  that  is,  leas    ^"Si*^ 
le  inolor  is  leading  than  when  it  ia  following.     Hence   "'  ""■[ 
tmotor  will  tend  to  run  slower  when  lending  and  fuster  when 
Bwiog ;  or  tlie  difference  of  phiise  will  tend  towards  zero. 
B  so  looK  as  'iip  in  not  fur  from  zero  Apu  is  leas  tiie  jxreater 
lead,  and  grettter  the  greater  the  lag,  and  in  nearly  the  aanie 

Eortion.  Hence  when  the  machines  are  once  in  phase  any 
I  deviation  is  opposed  by  a  proporlionul  corrective  tendency. 
I  depends  altuost  entirely  on  tue  term  involving  the  factor 
((iP  +  n'Z,')  in  the  value  of  J,,  given  in  [&2),  and  therefore 
h  given  resistiince  R,  and  period  of  ulternation  T,  has  its 
llost  value  when  nZr-i?,  ot  L I  R=T  ftv. 
ffriling  in  (52) 


=  R!{IP  +  n^L-i)i,     eos2f  =  «7./(7i'  +  H'Z>)J    (53) 


get 
!       1 


lob  is  obviously  a 


lff,(Ji:' +  «'Z8)(  sin  2(^ +  ■>')- ff^i      (54)    Expki 
when  *  +  *'  =  7t/4.    Wi 

n'i')l  -  Eill\  .     .    (55) 
of  Jpn  is  positive  if 


Self-S] 

cbroDiX 


(fl-  +  n'i*)* 


icli  may  be  the  case  even  if  S^>E^.  Hence  we  have  tiio 
_ious  result  tliitt  an  ultemating  machine  may  act  as  a  molar 
nn  if  its  electromotive  force  be  greater  than  the  impressed  or 

rring  electromotive  force.  ^ 

X    X    1 


4 


679 


ELECTRICAL  ACTIVITY 


i 


A  qualiUtive  oiplanatioD  of  the  reaiiJla  givoa  above  for  ti 
altem slots  can  bef^ivengrnphicalljbf  takitig- tbeareaaof  con 
drawn  to  represent  liie  setivity  at  each  inst&nL  From  iben 
will  at  once  appear  which  machine  U  itoing  the  greater  udoi 
of  work.  The  reader  maj  eaailf  cooatrDct  tlieae  curvaa  1 
drawing  for  eath  machine,  from  the  curves  giving  the  cam 
and  elootromative  force  at  each  inetact  a  new  curr^  t 
ordinntes  of  which  ate  the  products  of  the  corTe<^wlii 
ordinittes  of  the  former. 
Com-  The  theory  just  given  of  the  working  of  alternating  machit 

patlitun  of  in  the  same  ciruuit  is  (apart  from  notation  nnd  mode  of  Otl 
Theory  ment)  aub«tanlially  that  due  to  i>r.  J,  Uopkinson.*  I 
and  Ex-    conclusions  were  verilied  hy  him  in  18S4,  in  experimeDta  hm 

psnmani,  ^vith  two  De  Meriten's  machinea  made  for  the  lighthouse  at  Tii 
Sjme  verj-  striking  eiperimenta  are  described  by  Mr.  Monh: 
in  s  paper  on  alternate  current  workjng,  which  conlH 
moreover  much  interesting  practical  information  an  this  nibj& 
^onie  difletenco  of  opinion  has  been  expressed  as  to  wliett 
Mr.  Mordey'ii  reaulta  are  in  uccordance  with  the  mathemsli' 
theory.  It  is  to  be  remembered  however  that  the  theory  dc 
not  talie  into  ncccmnt  the  action  of  the  armature  curients  in  t 
field-magnets,  nor  of  tlie  variation  of  self-induction.  The  subjt 
requires  further  inveBtigation. 

We  may  apply,  as  we  have  already  done  repeated 
above  {see  for  example  p.  186),  the  mode  of  treatmc 
adopted  for  the  whole  circuit  to  a  part  of  it,  taking  f 
A' the  impressed  electromotive  force  on  the  part  of  ll 
circnit  considered,  and  for  H  and  L  the  proper  vala 
for  that  part  only.  We  find  that  the  effect  of  se 
induction  ia  virtually  to  increase  the  resistance  from 
to  ^I^  +  n^L*.  that  is  to  substitute  impedance  for  r 
sistance,  and  to  produce  a  difference  of  phase  betwe< 
the  current  and  the  impressed  electromotive  force  givi 
also  by  (27)  and  (28).     But  the  resistance  of  a  co 

•  ftxw.  Soc.  Ttl.  Eng.  and  EL  Nov.  1884,  also  aea  Thompio 
Dynamo-EUdru  Sftichincry.  p.  691  ft  stf. 

t  ln»l.  El.  Eng.  M«y  1899  (TAe  EUttridan.  May  24,  31,  .lune 
Ang.  2.  leSS), 
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ductor  is  the  a<;tivity  spent  in  it  by  unit  current  in  pro- 
ducing heat ;  hence  by  (22J  and  (34)  the  resistance  in 
this  sense  is  not  increased. 

The  impedance  of  a  current  electrodynamometer  or 
current  balance,  through  both  coil  systems  of  which 
flows  the  whole  current  in  the  main  circuit,  cannot,  if  it 
be  low  (as  it  generally  la)  in  comparison  with  that  of 
the  rest  of  the  circuit,  afiect  appreciably  the  strength 
of  the  current  by  its  introduction ;  and  since  the  whole 
current  passes  through  both  sets  of  coils,  the  instru- 
ment will  give  the  mean  square  of  the  current  passing- 
It  may  be  otherwise  liowevor  with  a  fine  wire  instru- 
ment used  as  a  shunt  to  measure  the  difference  of 
potential  between  two  points  of  the  circuit.  The  in- 
ductance of  such  an  instrument  may  he  considerable,  and 
if  it  be  used  alone  its  impedance  will  seriously  affect  the 
result.  Since  the  value  of  the  impedance  depends  on 
the  period  of  alternation,  it  will  have  different  values 
when  connected  to  circuits  in  which  the  periods  are 
difl'erent.  To  obviate  the  uncertainty  and  inconvenience 
arising  from  this  cause,  the  insti-ument  is  made  sensitive' 
enough  to  allow  a  considerable  non-inductive  resistance 
to  be  joined  in  series  with  its  own  coils.  This  makes 
the  value  of  Rj  JUr  +  -li^V-  approximately  unity.  Some 
calculations  made  by  Prof  T.  Gray,  for  Lord  Kelvin's 
vertical  scale  voltmeter,  give  for  this  ratio  with  only  the 
resistance  of  the  instrument  (640  ohms)  included,  and 
a  period  of  alternation  of  pj^j  of  a  second,  the  value 
■9976,  which  is  within  J  per  cent,  of  unity.  Plainly  the 
error  caused  by  the  impedance  in  this  case  is  small  with 
any  period  commonly  employed,  and  can  be  made  still 


ELECTRICAL  ACTITITY 

smaller  by  the  introduction  of  non-inductive  reastanff 
The  differeuce  of  phase  between  the  currents  throngh 
the  coils  of  the  instrument,  and  the  difference  of  poten- 
tial [given  by  (28)  above]  is  therefore  small.    This 
difference  of  phase,  it  is  to  be  remembered,  does  not   | 
affect  the  value  of  the  mean  square  of  the  difference  of  I 
potential,  provided  the  amplitude  be  corrected  for  the   I 
effect  of  inductance. 

It  is  however  of  importance  in  the  actbii  of  a  wattmeter,  of 
which  one-  (wil  is  placed  in  the  main  circuit,  and  the  ether  as  ^ 
T"^''t'  shunt  between  the  eitremities  of  the  portion  of  the  circuit  ia 
in  AlUr-  ^^'"^^  *''"  "<^^'^*y  '■  ^  ^^  estiraHtad.  For  let  the  circuit  divide 
into  two  parte,  each  formiuK  a  derived  current  with  the  other, 
and  Li,  L^  Jl,,  S^  ^y^,  ^y„  be  the  inductances,  the  rcdstuiKi 
and  the  niniimum  currents  in  the  two  parte,  ^y  the  moximiia 
total  current  in  the  circuit,  and  e',,  e\.  the  difference  of  phitf 
between  my  and  My,,  nys  resiiectively,  then  the  general  famiull 
(91),  p.  187,  above  for  tlie  difference  of  phase  6  between  the  totll 
current  in  the  circuit  and  the  applied  electromotive  force  «t  ti  " 
common  teriiitnalB  of  a  niultiple  arc  gives  in  this  case 


n  Alter- 
Circuit. 


and  by  (89),  p.  IS6,  the  difference  of  phase  e^  beliveen  t 
impressed  electromotive  force  and  the  current  y,  is  given  bjr 


n(Zifl,-.Z,Bt) 
*""'''"■*'"' t*!' ^*"i(,  («,  + W.)  +  n'i, (i,  +  t J 

An  iiitcrchange  of  snffiitea  in  tliia  result  of  course  gives  tan  •> 
A  method   of  determining  tiie  difference  of  phase   betweo^^ 
the  currents  in  two  lirunchea  of  the  sauie  circuit,  or  between  tW) 
8  of  the  same  period,  will  prBsently  be  explained. 
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^y  (90),  p.  186,  the  value  of  the  square  of  the  maximum  total 
current  is  easily  found  to  be 

,     ™  (/?.  +  Ji^'  +  nHL,  +  L,Y 

and  by  (89)  betweei 

^t  £t  Current 

80  that 

Hence  if  either  Z^,  Z^,  be  both  small  or  L^jL^—RJR^  Conditio 
the  diflFerence  of  phase  between  the  two  currents  ^7^,  ^72*  Differenc 
will  be  iosensible.     If  the  first   condition   is  fulfilled  of  Phas 
both  parts  of  the  circuit  will  have  currents  agreeing  in  insensibl 
phase    with  the  difference  of  potential   between   the 
terminals,  and  on  the  usually  allowable  supposition  of 
negligible  mutual  inductance,  a  wattmeter  whose  coils 
are   included   in  them  will    measure    accurately  the 
power  expended.     It  will,  on   the   same   supposition, 
also  measure  accurately  the  power  expended  while  the 

tocUtmeter  is  on  circuit,  if  the  ratio  Iij\/^l£^-hn^Z^  be 
approximately  unity  for  the  fine  wire  circuit,  since  the 
main  current  passes  through  the  other  coil,  and  it  can 
be  shown  that  the  deflection  will  be  the  same  as  would 
be  produced  by  a  constant  activity  A^  given  by  the 
equation 

A^  =  jjW'ydt.     .     .     .     (61) 

where  V,  7,  are  the  values  of  the  difference  of  potential 
and  the  current  at  time  t.    If  also  y/ji'  4. 7t*Z*  for  the 


«  cirraiis  bc«w«en  i 
•Ad  j„  f^  ibe  cwrenti  u  tbem ;  tbcii  br  (ST)  if  tbe  diffeitn 
{Mtu^tlAi*  between  the  teflniiialt  .IB  is  jC,  mh  ■/, 


with  tan  t. 


The  current  lltroagh  the  Sue  wire  coil  \%  therefore  the  < 
Bi  If  the  resiBtance  in  its  circuit  between  the  points  A^  B,  < 
wiihoDt  iodDctance,  and  the  difierence  of  potential  had 
rnlue  obtBiDed  by  multiplying  the  Bbove  value  of  y^  bj 
Hence  if  jf,,  be  the  apparent  actirily 


Activity 
by  Wall- 


1  E^Ry 


f\M'U->, 


thnt  is  the  apparent  nctlvity  if  i  the  product  of  the  tnaj 
vnlueB  of  the  two  eurrcnln  by  the  resiBtnnce  Ji,  of  the  fin 
branch,  and  by  the  cosiut-  of  the  phaEe-aiigle  bet«-« 
currents. 


IaSE  DIFFERESCE  OF  PARALLEL  CURRENTS 

vity  Jn  n-ould  bo  obtnined  if  tlii 
bugli   the  fine  wire   branch  bud   tlie  value  Eftn  nt/Ry^ 
a  tlie  pbase-angle  between  the  two 


J?_        (64)  True  Meaii 

(i£,^  +  w'i")!  ActiWly. 

Ratio  of 

(■tfi'+ ■!%')*       cc8f,  _     _     _     (66)   Al>I«rent 

,/{_S,»  +  B'£,')t,    Aet'"tj. 
terinu  of  i,,  Z,,  ^i,  ft;. 

_  1  +  )I.Ti'  ,gg, 

written  for  LJICi.  LJJt^  respectively  the 
',8  of  the  two  parts  of  Lhe  circuit. 


'.  Blakesleyf  has  ebown  bow  the  angle  (j>  of  difference  of  Measiu, 
B  between  tlie  eurreuta  in  two  such  brunuhes  iiiny  ment  (A 
measured.  We  hnve  aeen  that  n,  current  dynninonieCer  DtBeTeitet' 
in  any  bruneh  inensurea  the  mean  square  of  the  current  In  that  of  Ebsse 
branch.  This  Ims  the  value  i»r'/2,  wliere  my  denotes  the  moxi-  betweeu 
mum  value  of  tlie  current  in  the  branch.  Now  let  n^i,  m>i  be  Two  Alter- 
lhe  maiimum  currents  in  the  two  brauchea,  and  let  two  dyiia- 
inomelerB  be  arranged  one  to  meaaure  aiyi'/S,  and  the  other 
■y,'/2,  and  let  a  third  be  plnced,  with  one  coil  in  one,  and  the 
other  coil  in  the  other  of  the  two  branches  in  question.  The 
nctiun  on  the  third  dynnmonieter  at  any  instant  will  be  propur- 
tionnl  to  y,y,  COB  </>,  Hence  the  inetruineDt  will  give  a  reading 
proportioinil  lo  ^  oiVimVi  cos  ip.  If  then  I>„  D„  Jj,  be  tho 
readings  of  the  dynuiuo meters,  J,S,C,  thdr  constante,  bo  that 

D,IJ  =  >^'/2,  DJJf  =  .y,'/2,  D,!C  =  J  .y.^y,  cos  0, 


L 


•  This  result  was  ftrst  stated  (without  proof)  by  Prof.  Arrton  Proc. 
Sac  Ttl.  Ewj.  and  El  Feb,  1888. 
t  EUarician,  Oct.  2,  1885,  nnd  FMl.  Mag.  April  18BS. 


■LXETSICAL  ACTIVITT 

WM>Mn>r«  £jKt  reading  so  that  J  =  B'C^\,  \ 
AM  C»  MPatj. 

S  ihitii   dfBiBwnafen  are  not  avnilalile  *  uetb  I 

r  ■■;  he  ttaed  to  Uke  ibe  three  rexlings  in  (Hem*  I 

(«rM«lMEMd*  cn«rM!«*fa]  s^s  of  leadiiif  s  toay  btUktal 

has  alw  ftm  aa  axcMdingly  simple  un'l 

~*  ~    ' ■  *^  toUl  SicUvity  spent  io  ital 

, , ._   _   that  ta  of  finding;  tbe  wUlt  I 

■latttifl  ««ik  4««  par  aaA  of  tiine  io  feeding  the  Eecooduj.  I 
lJ  Jwrtfa"  ar  lafciKHj  ia  dwription.  ^' 

A  Vtvtmrmm  tmmemtx,  u  b*  v^I  ktmwn,  of  b  primaiT  isl 
wnia iwy  nrr^t  WQikd  Toood  a  core  of  laminated  inni,M 
jrrfwtfsl  is  <hl^  ■  sMaoc;  tbu  a«  cearij-  as  possible  oil  luttt  >f 
B:*s»Ptic  iaJoc^kti,  wtieb  pass  throjgh  any  Epire  of  one  of  Uw 
cojlj.  aln>  F«a(  Throvcti  erriy  oLfaer  spire  of  tb<  "  ''~ 


?^« 


Wnil.     tin 


revcT  safe  to  assume  tl 


8  al^tji 


tW  aim,  aad,  a  hn  been  pointed  out  bj  Prof.  Perry,  tenot 
'  <f  thriMcti  uuiii£  the  assDmptii 


I  all  ciieim- 

B&ib»'         N«w  let  a  ettR«U  dyvanooieter  be  pinocd    in  the  primv; 

Iq^       oivait,  a&d  UNtfaer  b*  anaMced  with  one  coil  in  the  prioiuy 

M*^,«<  and  Om  otMC  coil  ia  tbe  socoiMiary  eirt^uit.     Tben   if  D,  he  i^» 

Mwai^C  d«A«tk«-n^iti$    of  tbe  first  inslnimenl,  A   the  coiistuil  a' 

*™"*J'    redaebos   of  tt*    readii^   t»    (cnrrent)',  /*„  and    B   the  coi- 

^^?        iiapiMiiliim,  ijwaDtitiee  for  tbe  otlier  instnuaeoi  (both  deflectiun 

1^^      Mac  taken  po»t)ve;<,  Jf,,  3'^  the  nomber  of  turns  in  tbe  primuj 

*     ma4  mtetmJUrf  req^ciiTely,  Jf,,  Rj,  their  resistances,  and  Jm  tJ» 

»e«B  actintj  to  be  meafond 


J.-=«. 


h^, 


_V,  Da 


{tTl 


nixler  certain  aseuuptionB. 

Tbia   laetbod   is  applicable  wLalever  may   be   the   In*  <i 
variation  of  current, 
TTwoTT  of       The  equations  of  a  primarj"  and  secondnry  circuit  given  i» 
MetkiML    (77)|  p.  i83j  msj  be  used,  and  may  ba  inodifiwi  by  wriiLog  A'to 


*  mL  llaj.  1S81  or  Proc.  Phy,.  Soc.  11,  pt.  2,  18ai. 


ACTIVITY  IN  TRANSFORMER 

)  wo  make  here  no  kssaroptioD  aa  to  the  mode 
1  of  the  cuireot  or  electromotive  force.  Tbefle 
^(juOitioiia  hold  for  any  primary  or  eerondary  whether  or  oot 
ContoitiiDg  iron.  We  shall  first  also  write  Bii  Bn  ''or  the  totfti 
Indtictioiis  through  a  single  turn  o(  the  primnry  and  tile 
necondury  tesMctively,  and  JVj,  A',,  for  the  number  of  turns  ii 


■   ''B,  . 


n  referred  to  in  the 


Then  we  have 


by  the  first  o£  (68). 

If  i),  be,  in  the  same  way,  the  reading  of  Ihe  second  instrii- 
nicrnt,  lukiug  account  oT  the   sign  of  the  deflection,  and  3  its 


autnptia 
ofBqm 
Indue* 


by  the  second  of  (6S). 

If    now   we   assume   that    Bi  =  Bj,    we   get  from   the   last 

Substituting  from  this  in  (6S)  we  find 

li\,4i  =  R,^^-B/-l^i.    .    .    .     (71) 

and  the  qnnntitj-  on  the  left  is  the  mean  value  of  the  total 
nctivity.  Thus  the  (otal  actix-ity  is  given  by  the  espresaion  oa 
the  right  in  terms  of  the  reading  of  the  dynamoraetera. 


H  ELECTRICAL  ACTIVITV 

■  of        It  is  to  be  noticeii  tliut  aineo  y^.  y,.  nre 

Dyiwnia-    opposite  directions,  the  sign  of  Dj  must  be  opposite  Wi 

"■"f      D^.    TliiiB  the  second  term  of  the  ezpresBioii  on  th»  i 

"•'^''S*-  (71)  h  really  negative  and  the  total  rale  of  working  ii  | 

than  the  Hntt  term,  wbich  repreeeDts  the  sctjvitv  «|>eiit 

in  the  ciroiiit.    Hence  if  we  agree  to  take  the  positive  m 

value  of  the  reading  of  the  second  '    "  -  *  -  ^ 

putting  J,m  for  the  mean  activity  i 

iho  form 


r  +  ^ 


^t 


This  method  and  result  were  given  by  Mr.  T.  H.  Bkkod 
a  transfortner  on  the  assumption  that  the  currents  foltuM 
simple  aine  law  of  variation:  in  the  demooatratiosj 
above  no  asaiimption  at  all  is  made  except  that  B,=Q 
method  is  therefore  ho  far  applicable  to  any  tranKfonueai 
ever  the  Irtw  of  variation  followed  by  the  current  provll 
iiinj*  be  taken  as  equnl  to  Q,.  This  was  first  pointed  i 
Prof.  Ayrton  and  Mr.  J.  F,  Taylor*,  whose  method  of  p 
Himilnr  to  that  here  given, 
on        It  lias  been  shown  also  by  Prof.  Perry  f  that  this  r 

f.    even  if  Bi  be  not  eqimi  to  gj,  provided  wti  suppos 
ability  constant  during  a  cycle.     In  Ihia  case  tbe  eqat 
Oonitaiit    current  may  be  written  in  the  fomi, 
Permea- 

since  Li,  Zj,  -V,  do  not  vary  in  a  cycle  if  the  penneabilil 
not.  Hence  multiplying  tbe  flvsl  of  these  by  y,,  and  calot 
the  mean  value  of  each  quantity  by  integrating  over  a 
period,  we  get 

since  tbe  integriil  of  yiflfildt .  dt  over  a  period  is  aero 


ACTIVITY  IN  TBANSFOEMER 


Ut  integral  vaiiiehoe  as  before.    Thus 

iting  in  (73)  we  get 

in  tlie  readings  of  the  dynamo  me  tera  (taking  Z*,, 
before) 


roximately  if=JV,,Vj,  Zj—A','.  This  is  the  same 
wfore,  but  obtained  under  a  different  aaaiimption,  not 
DTolving  any  hypotiicaia  as  to  the  mods  of  variation 

observed  that  ibia  auppoHition  of  no  Tarintion  of  Conilant 
or  jW,  18  equivalent  to  supposing  tiiat  all  the  activity  is  Penniia- 
ed  ill  generating  heat  in  the  two  circuits.  For  if  the  .  ^^^^Jf 
of  (72)  be  multiplied  by  y^,  and  then  integratejform 
it  gives 

M  f'T     dy. 


T  Jo  Tjo      dt 

3  lo  (73)  gives 

ut  lerm  vanishes  since  the  integration  is  round  a  closed 


iu  valves 
Zero 

DimitHi- 


•>;r: 


ELECTRICAL  ACTIVITY 


Hy?:ercsis 


«lyii;iiiu!neifr  in  liie  prirniry,  und  another  in  the  seconJ 
bv  Mr.  liiakeslevV  ii;e:ln.il. 

The  sr.pp.'siiion  thus  m.ide  hy  Prof.  Pern*  therefore  es 
ali  di'j'sipation  of  enerjiry  otherwise  than  by  direct  htnTirc 
circuits  by  thi?  ciirrtnis.     It  has  been  urged  hv  Idiii  th«r 
analogy   if  t!ie    behaviour  of   ordinary    bodies  uinii: 
proiluee«i  by  stress  varied  in  rapid  cycles,  tbtrre  oiiirht  to 
di-sij.Mi..:,  of  energy  due  to   lagirlrig   of    the    mWifti 
b»?hiiid  t!ie  inagriorie  force  in  the  cycle,  as  exphiined'  at  \ 
above    or,  as   it   is   now    callod,  '  lofstcn-fi'iit    action,   m 
subjected  to  rapid  cycles  of  magnetic  stress.     On  thiis 
niai;aetio  -ike  elastic  hysteresis  is  only  important  in  sl«'W," 
This  anal-.iry  appears  a  roasunable  one,  but  any  opini'-n  f-i 
on  it  rnr.si  fir.*  trstetl  by  tlirect  exi'eriment.     Now  it  ii  ..* 
Hys:ir'.-r.i.N  ^'iv-^:i   .:<  i;;t  ro>;i!t  of  expvriiiu-nt  by  .sover-il  o'-servt-r-^ 
t;i-'r'.-:>i:ir  ;]'i-]  ■  yrl-.-^-li'^sipali-  n  oJ'entTfry  in  rheri/rv  •  (v.y 
•  ■r  ior  •  :'  :..  ij:,ir'.<:«  a<  iii  >Iu\v  i.-yo^<  ;  'mt  thut   ti-.cr*'  is 
1'-"^  V.:.'.-.   ::;..'  tr  .';-;:-rn:..-r   i>  i"a.l..-d  by  c.'o-ii::;  tIk^ -,   • 
r   ■.-;i:  i  lo'A  :•••'« i-rf.iici*.  t!.;H  wijv::  \\,\:  >«.m  '■».•!.  r\  ■ 


ir.  K.ipid 

<   V    ii-. 


•.ir:::: 


IS  o; 

1     ' 

riMi!' 


■>  < 


■  t"    '  >:}-.■::•  .-■•  r^  ■•'. 

.  :•  !:•.  .:  T.  v    *  '.w 
y    !■;   ^i.'Vv     ly>i: 


1    :y  I'rof.   Eu-iriLT,  v.l.o   -jv. 

a  T.n-f'.'rrutT  our-*,  au   :.:.- 
■1  t«»  ;  n.V'-'.t  t'-iily  <-'nrr."'-r«. 

:-■;    .I'lii  !:::;:t>  •;!"  iji-irnvt:.' . 


1.'     .  ■ 

Ti,'.-  r.'iro  iif  h  -<  i\v  I.y>"frr<i<  i>  l.<.'\\■c•^•l■^  in  ',.\\  c:\i-- < 
in  o.'iiji  .iri-xri  witi,  f.'.i-  '.\::  >.'•■  a'.T:\-iry.       S-i^  also  (.""', it.   X 

A'l'iiiiiiiri^"  th«*  \^\\'^\  ci'   .Mr.   I)..i'<.  <;i  \  >  r"i':Mi:;:.i    ,;<    :. 
frvMM  tl;o  hyj*"*!'!''"*!^  •  f  i:i»  riiairr:<  :i-.'   io.::<a_fi-,    \\  (»   i.  ;.   f-.- 
aiiiiiij.'jf   ri    (  in-ri:y    -jjm-.'.j     in     L<i. ly    oiwr- r.t^    a:.d     n;..; 
liystoro'^is  in  th«'  iiiii. 

As'.nrniiiLr  '<»r  .-iiiij-h\i:y  fhit  the  <iyi:anjf.'ri:crirs  nf  •". 
loadlFii;"  instniiii'^M^.  <'r  it"  :.■■:  tJiat  />,,  />f.,  ar.-  n-.li:!-,..!  r.-  .: 
fxprfisini^  t',\«h  .*  riHMii  ^>Jll.■lre  nf  i-nrront  nn  ;i«-n.'rii  [ji  nr;;i' 
so  tljut  tho  0"Ti^t..T:!s    /.  /•'  ^  I,  fli«'"  /'V  ^'2'  i"-if.,Lr  r.i/v»  :j  ];,  ,', 

•  Waihinr  .1.1.1  ll.-i.iu-.      '/."/-•/?/'■•.   'JC  18>'t. 

//,   /..■.,»  ,,.../  ...-;...     V-M/.s,  ?ij^  >:^  1>U.     Sfoulto  hih.ny,  ci...^^.     ^^  j 
Si'Ctioji  J II. 


>  REFERENCE  OF  POTENTIAL  ON  TRANSFORMER  PRIMARY       687 

will  be  given  in  watts.      If  now  we  suppose  a  third     Energy 
ometer  placed  in  the  secondary  circuit,  and  D^  in  like    Spent  in 
be  its  reading,  we  shall  have  Hyateiesu 


TThns  we  have 

A,^^R^D,  +  R^V^  +  It^{^^D,^-D^    .    .    (77) 

The  two  first  terms  on  the  right  express  the  whole  work  done 
in  heating  the  wires  of  the  primary  and  secondary,  the  third 
term  that  spent  in  heating  the  iron  by  eddy  currents  and 
hysteresis. 

If  R^  be  the  resistance  of  the  external  part  of  the  secondary, 
•nd  the  work  done  in  that  be  wholly  spent  in  heat,  the  energy 
there  spent  is  R'^D^.  Thus  if  e  be  the  electrical  efficiency  of  the 
transformer 


e  = 


R\D, 


RiDi  +  R^  -^  A2 


(78) 


From  the  expression  for  ^i«  can   be  found   at    once  the  Difference 
difference  of  potential  between  the  terminals  of  the  primary,  of  Poten- 
For  if  R\  be  the  external  resistance  of  the  primary  circuit     tial  be- 
between  its  terminals,  we  have  instead  of  (68)  „*^®?^ , 

Terminal; 

JJ'm  +^i^r  =  ^)  Primly. 

"'  ^ (68') 

Squaring  the  first  of  these  we  get 

Hence  if   F'^  be  the    mean   square  of   tlie    difference    of 
potential  F", 


••B     ~ 


ELicTBicAX.  Acnnrr 

^■i  •ec'jcii  Tc    ■)>')  *in<n:  Ba  >>  ubs  m  eqini  to  Br 

L--'l«V/.-^'-!fV 

—  -  ?;•--_  -  ^'  A  +  »«■,«.  J|  D, 

r*;!?  n;>;v4  :^»t.zt  ir*  i..  t:T>Mp«ntl«iic  of  the  lav 
fr;-  .-I— -nr  k.;  -t::!-;  an  t  toe  (MompfiaB  Bi— ^  Hw 
-r  :*w  t;  Sfr  ^.Lc^-.'iT,  ri;  were  firw  prorctf  by  BtlMI 
' ;::  '.>.-  rj  -.^;ae  ~.*f-i  ft^<:T->.  :t  PnC.  Anton  mni  Jb.Tkylatm 

,:  L.I"  Tnt'^-vi;  M*!  :(  =Ma4U-«UMut  of  power  in  wUA  t 
'■xTr^-ti'-fT  »  _zizp.>:L:'.''.  -J  -^.i  iL-n&l  miMmac«  of  tte  portin 
■  :-  .■:-,  i^T  .■■.c«.i.r.--.i  i  *:.:»!  ird  the  m««i  sqnare  of  Ifal 
-^Ti  :-M  :•*  ii-fti*;.-*!  -v.-.^  u.i."ir»eT,  the  prodoct  of  A*  tvo 
'  IS  *; ■■  VT  i:^  -i  :,  «i*  ';*  =i«  tm*  mcui  Tmloeof  tto 
1  -,  ■■-'  :^  •!  iT  .*  *:^r.'.  .-  isi:.  Titt  of  eooise  wfll  be  gina 
-----'-  -     -  -  --    .    ■     otunj  mij  the  eimcnliB 


METHODS  OF  TESTING  DYNAMOS 

llie  lamp  systom,  tlie  vulue  y'/P.     Tlie  curreiit-meter  ia  now 

KbIotcJ  to  measure  tlie   whole  current  flowing  to  the  Intiips 

Mrlttle  their  brilliancy  ia   kept  the  aanie.     Denoting  the  menn 

sqaare  of  tliia  current  by  7',',  we  have  for  the  value  Am  "^  <be 

■nean  activity  spent  in  the  lamp  syatem 


.U 


=    yiy-  =  y'y\R      , 


(80) 


Messrs.  J.  and  E.  Hopkinson*  have  employed  the 
r 'Hawing  method  of  testing  the  efficiency  of  dynamo- 
i.ichines,  wliich  obviates  the  diSiculty  of  measuring 
'.curately  the  mechanical  power  tranamitted  to  the 
ilriving  shaft  of  a  dynamo  by  a  steam  engine  or  other 
motor.  Two  equal  dynamos  of  the  type  to  be  tested 
are  used,  and  one  of  these  is  run  as  a  motor  at  the 
required  speed  and  with  the  proper  amount  of  electrical 
activity  in  the  circuit.  This  can  be  adjusted  by  suit- 
ably varying  the  magnet  resistances  of  one  of  the 
machiues.  The  motor  is  made  to  spend  the  available 
activity  which  it  gives  out  in  driving  the  generator, 
and  the  difference  in  power  required  is  supplied  by  a 
steam-  or  other  engine,  and  measured  by  a  Hefner- 
AUeneck  dynamometer,  or  by  any  other  similar  method 
by  which  the  difference  of  tensions  of  the  two  parts  of 
the  belt  is  determined.  This  latter  amount  of  power 
represents  the  losses  in  transmission,  and  added  to  the 
power  returned  to  the  generator  by  the  motor  gives  the 
mechanical  power  required  to  drive  the  generator. 
The  errors  inherent  in  the  determination  of  mechanical 
power  transmitted  to  a  driven  shaft  are  thus  made  tn 
aRcct  only  the  comparatively  small  balauce  of  power 
•  Phil.  Tram.  S.S,     Fart  I.  1588. 


TeatiUj 
Dynaffl 
MaohiDi 

Mothoa 


ELECTRICAL  ACTIVITY 

and  the  efficiency  is  obtained  to  a  mocb  higher 
contage  of  accuracy. 

Tbo  whole  electrical  power  E-^  developed  bjr  ( 
generator  is  then  found  by  calculating  that  speidj| 
each  j>ari  of  the  circuit  from  the  observed  di 
of  polcutial  between  the  terminals  of  the  ( 
and  motor,  the  current  in  the  circuit,  and  the  I 
resistances  of  the  different  parta  of  the  machines, 
nitding  to  this  the  power  w,  in  watts,  wasted  in  I 
luftchine,  the  power  spent  in  driving  it  is  obtained  | 
hence  at  once  the  gross  efficiency  Jiyl{Ey  +  ip). 


Tlien  tlie  sum  ofthe  powen  developed  in  Uiearma  tare  and  M 
uels  of  eaeh  machine,  and  in  the  leads  and  otberreaJBtancMiD 
circuit,  Bubtracted  front  the  power  transDiilUd  from  tlie  e 
and  ineBBUrad  by  tlie  dyDamoiaeter,  gives  s  balaacs  whic 
[iroBantB  the  total  loss  in  the  circuit  over  and  above  those  liiM* 
enuinersted.  Tliia  is  made  up  of  power  wasted  in  the  irca  oona 
of  the  annaturea  and  in  the  pole  piecen  in  consequenc?  of 
liyateresia  or  eddy  currCDts,  \a  reveraals  of  the  currents  in  the 
HUL.'[ia:»  of  the  nrtnatureit,  ia  connezione,  in  sparking  if  aiiy.ind 
ill  the  friction  of  the  hearings  and  brushes.  Half  of  this  balaoi9M 
may  be  Inken  oa  spent  in  each  machine.    The  whole  povM 

I   siiont  in  driving  the  generator  ia  therefore  the  sum  of  the  wbcS 
uleotricol  power  Ey  tpven  out  in  the  circuit,  and  half  the  balftaM 

'    »  any.    Thus  tlie  elGcieEicy  ia  dH 


.-b ,_  - 


Mr.  Swinburne  measures  electrically  the  loss  of  power  is  here 
deacrihod,  and  reijuires  only  one  machine  of  the  typo  to  be 
tested.  The  magnets  of  the  machine  are  excited  aeparMlely  to 
that  tlie  armature  is  under  the  induction  which  would  exist  if 
the  inaohine  were  working  under  the  loud  specified  for  it. 
The  raacliine  ia  then  driven  by  a  small  dynatiio  which  fur- 
niahse  uurrent  ul  the  electromotive  force  of  the  macliine  just 
Builiaietit  In  drive  it  at  the  requisite  speed,  without  any  load 
beyond  that  iuvolved  in  w,  namely  the  losses  in  eddy  c 


MEASUREMENT  OF  EFFICIENCY  OF  TEANSFORMER 

8,  and  friction  in  the  miichine  being  tented.    Tlio  spepil 

I   be  ttdjuatoii  us  in  ibe  testa   above  described   by  nuitubly 

ying  the  reaistance  of  ibe  magnet  circuit.     Tlie  power  spent 

K  tb«  loachine  by  the  smull  dynamo  is  detennined  electricHlly 

B  the  ordinary  way  by  measuring  the  number  of  volts  difference 

Bpotential  between  the  terminals  and  the  current  in  amperea, 

former  will  of  course  be   approximately   tlie  full  cleclro- 

/6  force  of  the  machine  when  working  under  the  prescribed 

The  power  thus  determined,  diminished  by  thiit  spent  in 

in  the  armature  (which  is  generally  negligible),  is  the  waeto 

>wer  M  reqmred. 

>  efSciency  can  then  be  found  by  calculating  the  total 
aical  activity  in  the  circuit  when  the  machine  is  running 
-  the  prescribed  load,  by  adding  to  the  activity  in  the 
nal  drcuit  the  eleotricul  activities  in  the  armature  and 
[nets,  found  in  watls  by  multiplying  the  resistance  of  each 
ns  by  the  equare  of  the  current  in  amperes.  Call  this 
tric&l  activity  Ey,  as  above,  p.  645.  Then  I  he  mechanical 
iwer  spent  in  driving  is  Ey  +  w,  The  gross  efficiency  of  the  __  .  m 
tchiue  is  thus  Eyl(Ey  +  w).  The  electrical  efficiency  of  the  EfflcIanEI 
nngement  is  E^yjEy,  if  E^  be  the  difference  of  potential 
'ween  the  terminals  of  the  external  circuit,  Finally  the  net 
^eioncy  is  E^yUBy  +  w). 

On  the  analogy  of  the  Messrs.  Hopkinson's  method  of  testing  Sompnei 
dynamos  just  described,  Dr.  Sumpner  has  based  the  following  Method 
method  of  tusliog  power  supplied  to  transformers.  Two  equni  Tealing 
transformers  have  their  primary  coils  CjCj  joined  in  parallel  Truju- 
Across  the  terminals  of  an  alternating  dynamo  as  shown  in  formea 
Fig.  148,  and  their  seoonditries  6',Ct  also  joined  in  parallel  between  J 

tlie  puinlH  J£,     Non-inductive  resistnncei!  r  and  li  aie  included  H 

in  tlie  primary  and  secondary  circuits  as  shown.  I 

Supposing   the   transformers   to   be   alike,  and   the   primary  I 

circuits  to  have  the  same  resistance,  the  magnetizing  currents  H 

will  be  the  same  in  both,  and  there  will  be  equal  electromotive  H 

forces  at  any  instant  in  the  secondaries.     Thus  no  current  will  H 

flow  in  the  secondary  circuit  whatever  the  re^iBtance  Jf.    A  I 

non-inductive  resistance  y  in  the  primary  of  either  will  cause  the  1 

currents  in  the  primaries  to  be  different,  and  if  r  is  in  Uie  circuit  I 

ot  Cf  a,  current  will  flow  in  the  secondary  which  will  load  the  I 

transformer    e,(\,   and   help    to    magnetize    the   core    of  e^C,.  m 

thus   raisiug   the  electromotive  force  in   the   primary  of  that  ■ 

transformer.  fl 

If    however   the  tranaforrtiers     be  somewhat    different,   for  H 

example,  so  that  (to  take  Dr.  Sumpner's  example)  Ko.  1  converts  H 

from   100  to   2100  volte,  and  the  other  from  100  to  2000  volts,  ■ 

T  Y    2  I 


ELECTRICAL  ACTIVITY 

then  there  will  be  nn  el ectroTnotive  force  of  lOOvolu 
circuit  uf  the  Becondarieewliich  will  produce  BoydesiKdc 
if  R  be  properly  adjaHted. 

If  llien  with  two  imeigual  traDBfonnere  tlie  current  floving 
through  tlic  necondsriee  be  of  the  pinper  nmuiint,  escti  ttto^ 
former  will  be  fully  loaded,  but  one,  tlie  more  powerful,  Ko. 
HDj,  will  IranKform  up,  nnd  the  other  down.  That  ia  the  ItawA 
will  take  enei^y  from  tlie  maitis,  the  other  will  return  entri^tv 
the  inainB,  The  power-losses  ociiurring  in  the  donble  tiw* 
fomiHtion  are  then,  in  the  aggregnte,  the  dlfierence  b«tB«« 
Ihe  power  taken  by  No.  1,  nnd  that  given   back  by  So.  S^ 


diminished  by  the  amount  absorbed  in  the  resistance  R,  iwdbj 
tliu  amount  Bpent  in  heating  the  connecting  wirea  and  ilistrv 
ments  appliecf. 

It  is  only  neceasury  therefore,  in  order  to  obtnin  ip,!! 
the  balance  of  power  supplied  to  the  syatem  at  ab,  and  corre 
it  aa  described.  This  may  be  done  with  a  wattmeter,  the  Gi 
wire  coil  of  which  ia  placed  across  the  terminala  ab,  and  tj 
current  coil  in  one  of  the  maina,  or  by  the  electro meter-metbo 
described  below.  To  calculate  the  efficiency  we  have  then  oa| 
'to  find  the  power  W,  say,  nupplied  to  No.  1  tranfrformer.  Th 
can  be  done  nearly  enough  by  measuring  the  load  o 
transformer,  any  by  placing  a  wattmeter  with  its  fine  wire  coil* 
acroaa  ah,  and  ile  current  coil  in  e,  or  by  measuring  the  differenct^ 
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oE  polentinl  iind  current  of  qdj'  coil  of  eitber  triiiiBformer.     Then 
llie  efficiency  of  the  double  traiisforinalion,  e'  aay,  is  given  by 


2r 


'  8ffT 

letboil  lie' 


CUMOI 

Two 
Equal 

Traiu- 


I  great  advantage  of  tltiH  inetbod  lies  in  tbe  fact  tbat  a 
viderable  error  in  the  eBtimatiun  of  to  can  only  slightly  alfect 
It  of  ^  or  tf,  if  «  be  not  very  different  from  unity.  This  method 
%  Htands  IB  only  applicable  to  two  trftnaformers  tbe  electro- 
pve  forces  of  the  secondaries  of  wliich  differ  by  at  leatit 
tee  tbe  *'  drop  "  in  difference  of  potential  between  the  tertuinals  fanaeai 
IrlLe  secondnry  of  either,  wlien  ila  load  ie  raised  from  zero  to  ^^ 

'  the  prescribed  vftlue.  In  the  case  of  two  similar  transforiners 
Dr.  Suuipner  uses  a  small  additional  transformer  wbicli  is  able 
lo  supply  tile  waste  u?  for  the  two  large  transformers  to  be 
tested.  Tbe  priniory  of  tbia  is  eonnecteti  in  Reries  witli  an 
adjustable  non-inductive  resistaince,  x,  across  the  main  terminals 
ab,  and  the  secondary  is  placed  in,  say.  No.  2  transformer,  in 
series    with    ciiber  c,  or    6j,  in   place  of  tbe    uon-inductivo 


Tliis  small  transfonner  will  supply  an  amount  of  energy, 
depending  on  the  value  to  which  j-  is  adjusted,  siifiiciiint  to 
cause  any  requited  current  to  flow  in  the  secondaries  of  tbe 
large  transfonnera.  It  is  only  neceasury  then  to  measure  tbe 
energy  given  out  by  the  small  transformer  by  measuring  tbe 
current  and  difEerence  of  potential  on  its  primary  and  secondary, 
and  further  lo  measure  as  before  the  power  supplied  by  the 
mainB.  Tlie  sum  of  those  corrected  as  before  will  be  i(i.  Then 
W  w  inpasnred  as  before  for  either  of  the  large  transfunners  and 
tbe  eBiciuncy  is  determined  by  (81)  above. 

Different  arrnngements  will  suggest  themselves  to  the 
engineer  carrying  out  these  tests  as  suitable  in  the  varying 
circumstanceB  in   which  he  may  be  placed  by  his  ii 


Tnf.  Ayrtaa  aai]  St.  Siiin}iMn*  have  ghren  tlie  M- 
.  immuc.  v«TT  sicpmt  otntbml  ttf  mewnnng  the  po*"' 
fnmi  mi;  vl  any  jxmkiti  of  &  amuL  It  vQI  be  sk^ 
3iMth  utDtRnUch-nUslBdlfi  t^  decOrametermetko: 
4HnA«d%B«(Mi.  Tln«e}ioitacon  diD  cimiit  aretaJc^ri 
vwi^EE.  }4f^i  ^/^  boiwMn 'wUck  is  the  portMoof  t< 
ik  tkc  «etjvi:»r  is  te  W  foaoii,  while  t! 
nUTammms  of  k  atnt-indocdve  resistaoee  'A  .'. 
Ikac  wllunwli  oarrMit  volt  ineiers  of  pr::'' 
I  «n  aari  Vt  give  tbe  taean  9>)iiv«3  o(  " ; 
B  A  aid  X.7Kid  Casd.4  ud  ' 


r 


i  Jm  t^  BMfta  activitT  in  vatts 


Ik* 

t  i  r.  W  *#  »ri«ii  of  pa(«Ukl  hM-wn  J  and  ^  ,t  „j 
nilBiil      IM  tf  r,  b«  tb*  4iSMeB)»  of  polentini   esistitigii 

•  ftm.  JLA  AftH  9.  I»l  ori5'«'~»™i  April  17,  1S91. 


6  ume  instant  between  B  and  C  we  have  y=  V^R,     Henco 
1     rr 


Bit  can  be  ihown  by  the  Tlioory  of  Eirors  of  Ohaervation  that 
T  the  BSBuraption  of  equnl  proportion « I  errors  in  the  quantities 


Merved  tlie  best  Birangcment  for  this 

lliich  the  iiiaan  equare  of  the  difference  of  potential  between 
■  wid  B  is  equal  to  that  betweeri  B  ond  C.  This  liowever  is  an 
■irangement  in  which  the  power  consumed  ia  the  non-inductive 
reaiatance  ia  equal  to  the  power  meaBured. 

A  niiidlticution  of  this  method  hna  been  propoeetl  by  Prof,  Metbdfl 
Ayrton  and  Dr.  Sumpner  in  which  two  curreut-iiielers  ^i,  J,,  withN_ 
and  a  voltmeter  Fare  arranged  ns  shown  in  Fig.  150.  ah  is  the  Current-' 
portion  of  the  circuit  in  which  the  power  is  to  h(*  measured,  ed  mctersn 
a  non-inductive  resialance  placed  across  itn  temiinale,  K  ia  a  Velt- 
voltraetec  placed  parallel  to  AB  and  CO,  and  measuring  the  meter, 
D  Hquare  of  the  difference  of  potential  between  ac  and  bd. 


A  -  \. ly  +  yyJi  -  \j\l'  +  y  +  'nH 
-*'  +  *  + 1/."'* 

if  D  be  tlio  rending  of  tlie  voltmeter  expnjeeed  in  voIIsl 

Ij  (83) 

^--f/^rx^-flA-a+J)    .   .   (Ml 

Tliia  was  given*  aa  nn  improvement  upon  a  metbnd  [iropoud 
1iy  Ur.  J.  A,  Flcuiin^;  in  wliidi  a  current-meter  is  [ilHceil  ill  tj, 
and  Jm  iH  given  by  (64),  with  2),  put  for  the  reading  of  tlii* 
ciirreiil-nieLer,  und  used  inGtead  of  llio  tenii  J)jjS^.  Tbe  onrrent- 
niBter  introduces  a  certain  amount  of  indiictHlioeinta  i^tf,  althon^ 
tliie  lutgbt  be  made  negligible  by  taking  cd  large  enough. 

An  elcclromeler  may  be  used  in  tbe  roUowing  manner 

to  give  tbe  mean  square  of  the  current,  and  of  the 

difference  of  potential  for  any  part  of  a  circuit,  whether 

containing   motors  or  arc  lampa  or  any  arrangement 

f  with   or   without  counter-electromotive   force   or  self- 

*   "Alteninlu  Cuireut  and  rotoutinl  DiScrence  Analogies,"  I%U. 
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inductance.  A  coil  of  thick  German  silver  wire  (or  to 
prevent  sensible  heating  a  set  of  two  or  more  coils 
arranged  in  multiple  arc)  having  no  self-inductance  is 
included  in  the  part  of  the  circuit  considered,  so  that  the 
current  to  be  measured  also  flows  through  the  wire. 
The  mean  S([uare  of  the  difference  of  potential  between  Su^^r 
the  ends  of  this  resistance  is  measured  as  described  Difference 
above  (p.  279)  by  connecting  one  pair  of  quadrants  of  i^j^l. 
the  electrometer  to  one  end,  and  the  needle  and  tlie 
other  pair  of  quadrants  to  the  other  end,  and  the  mean 
square  7'-  of  the  current  by  dividing  by  the  square  of 
the  resistance  of  the  wire.  The  mean  square  of  the 
difference  of  potential  between  the  terminals  of  the 
part  of  the  circuit  considered  is  then  found  in 
the  same  manner.  A  multicellular  electrostatic 
voltmeter  is  very  convenient  for  such  measurements 
on  account  of  its  great  range  of  sensibility  (see  Vol.  I. 
Chap.  v.). 

The  product  is  not  generally  to  be  taken  as  the  mean 
square  of  the  activity  in  the  part  of  the  circuit  con- 
sidered, for  it  is  evident  that  in  this  case  what  is 
obtained  is  the  value  of 

T  cT 


y  vHt  X  J  ^dt. 


where  V  and  7  are  the  difference  of  potential  and  the    Square 
current  at  any  instant.     The  square  root  of  this  quan-  product  of 
tity  is  not  generally  the  same  thing  as  ^**^ 

not  True 

Mean 
Activity. 


1  r^ 


:  Acnrm 

tieHaBBBMidbH«CAe  actrriw.     This  is,  bgm 
gFVBK  na&Kdf  ^^  tfe  faOnvii^  metbod  * 

X«C  tfak  *«•  carfs  of  dw  lesistaiioe  coil  of  i?:- 

M,  imi  hs  Ae  otaHBtHS  of  tlte  portion  of  the  ciKir' 
Gk  sUA  Ac  maimBaBts  are  to  be  nuule,  t«  CAlltvi 
dadil.  (taaof  AafHS  of  quadrants  is  conaecl/i 
t^  MAm  alkv  pv  ta  ^.umI  the  ceetile  to  C.  a^i 
Ac  Midfa^ tf  ^7,  taken.  Theqoadntnts  remainiD^ 
Aiy«B^tk«BeeAei8cminect«d  to  O.and  thei^ailn.. 
#»fcm.    SiM'SHtHyiMUat  r^be  thepotenul"! 

X  r,  rf  «.  r,  of  c.  Mid  r,  of  o,  we  get  if  [i:i 

aibuTA  >s  mppticable    to  the   instrument    (see  p.  66J 


(8i) 


aad  br  sabtnction  and  dinson  by  kE 

But  it  is  de&r  that  the  ejLpresfion  oa  the  right  hand 
aide  of  (86)  is  the  true  mean  value  of  the  activity 
required. 


P.  227,  1881,  hot  WM  independontly  iJ  _   _ _. 

Ayrton,  «Dd  Prof.  G.  F.  Fitigemld  (we  Pror,  Ayrtoo  on  ■'TestinKthe 
PoTW  »nd  Kffidency  orTr»n»formen,  ^w-  •^™-  -^  «'-  A'nas.  ami  Kit., 
Ftb.  1888). 


4jy' 


[and  D  coinciiJe  ^i-f ''i,  at"!  the  nctivity  in  tlia  pnrt  of  t!ie 
'A  between  fund  J)  is,  oy  (61),  given  by  (62)  alone  when  , 
B  the  forni 


,j\if'i-ri'"x''i 


kJi      Rt. 

■observntion  ia  due  to  Mr.  SayerH,  a  pupil  of  ProE.  Ayrton,  I 
.  Bthus  possible  in  the  caae  Guppoaed  to  use  an  electrometer 
tim  a  direct  rending  wattmeter. 

If  a  quadrnnt  electrometer  is  used  as  here  explained,  care 
muBt  be  taken  to  see  that  the  equation  (Ij)  holds  for  the  inetru-  i 
ment  (see  p.  633  above).  Dr.  Hopkinson  found  {Fhil,  Mag.  Ap,  in  tlse  a 
1985)  that  the  indications  of  hia  inxtruiaent  were  very  eiactiy  Qnadran 
expressed  by  the  eqaation  Eieotro 

where  »  is  a  small  constant.  Hence  for  high  values  of  V  it  is 
necessary  to  know  and  use  this  second  constant  if  its  value  is 
sensible.  The  deviation  from  fulfilment  of  the  onlinary  equa- 
tion here  ehown  wns  found  ta  be  in  great  piirt  due  todowiiward 
eleetriral  force  on  Iho  needle  caused  by  its  bunging  ii  little  loo 
iuw  in  the  quadrants. 


FialJ 

Intviisit' 


CHAPTEB  Xin 

MAGNETIC  MEASURE3iE.KTS 

Sbctiok  1 

MEASUREMgyr  OF  INTENSE  MAQXETIC  FIELDS 

We  have  seea  (p.  118  above)  that  every  element  a 
conductor  carrying  a  current  to  a  magnetic  field  ii  ad 
on  by  a  force  tending  to  move  it  in  a  Jirection  at  lij 
angles  to  ita  length  and  to  the  directioo  of  the  magnt 
induction  at  the  element,  and   have  stated   hon 
magnitude  of  the  force  may  be  calculated  in  terms 
the  induction,  the  strength  of  the   current  and   1 
position  of  the  element.   Hence,  if  we  know  the  Btren| 
of  the  current  flowing  in  a  conductor  placed  in  a  m 
netic  field,  and  measure  the  force  exerted  in  virtu« 
e  lee  trom  ague  tic  action  on  any  element  of  the  conJui 
'  we  can  find  the  induction,  that  is,  in  air,  the  intensilj 
of  the   field  at  the   element.     On   tliis  principle 
founded   the   following   simple  methods,  mainly  i 
gested   by   Lord   Kelvin,  of  determining   in   absolute 
measure  the  intensity  of  magnetic  fields   in  dyuami 
machines  or  other  electromagnetic  apparatus. 

We  shall  take  firtt  ttie  case  of  two  long  Btraigbt  pole  Dm 
oppositely   magnetized   uiid   pluced   at  a  aliort   dieUiici      --- -^ 
facing  one  anotlier,  with  their  lengths  vertiual.     In  the 
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space  between  the  poles  a  stout  wire,  f9 (Fig.  151),  somewhat      Field 

:  than  the  poles,  so  as  to  extend  a  little  above  and  below  between 

is  hung  vertically  by  a  cord  four  or  five  feet  long,  Two  long 

ed  near  its  upper  end  to  a  fixed  peg  above,  ond  is  stretched  Straight 

J  weight,  TT,  attached  near  its  lower  end.  Two  pendulums  jT 
of  weights  Pi,  Pj,  carried  by  fine  threads,  are  hung  from        *^'*** 


tiding  pieces  which  can  be  moved  along  a  graduated  cross-  Pendulum 
I  above,  so  placed  that  the  ends  are  as  nearly  as  possible  Method  of 
plane  parallel  to  the  pole  faces  and  passing  through  the  Measuring 
e  of  the  space  between  them.    The  two  pendulum  threads     ^°^*^^ 
le  wire,  ic,  are  thus  nearly  in  one  plane.   One  of  these  pen-     Forces. 
18  is  made  so  long  as  to  have  its  bob  below  the  level  of  the 


Elect 

—JTon: 
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1ow«st  part  of  tlie  pole  facet,  while  tlio  other  has  itM  bob  * ' 
l>elow  the  level  of  the  lop  i>I  the  pole  faces,  and  tbefonc 
placed  at  the  (greater  distuDce  from  the  auspended  wire.   A  tUt  M 
thread  attached  to  the  upper  end  i>f  the  euspended  wire  !■  cimtd   | 
out  lioriEontallj'  and  iiiaile  fnst  at  its  other  end  lo  the  autj-ciuiu 
thread  of  the  nearer  pendulum. 

A  ainiilar  thread  ie  attached  ut  oue  end  to  a  pomt  of  the  v 
Dear  the  butloin  of  the  pole  fHces,  and  carried  out  Bimilnrif  end 
made  fast  at  the  other  uud  to  a  point  nearly  on  the  aunc  1«t«I 
in  the  suspeneiuQ  thread  of  the  further  pendulum.  The  appci 
itnd  lower  ends  of  the  wire,  ■»,  are  placed,  as  shown,  in  raercurj 
cupK,  to  which  are  ulao  connected  tlie  electrodes  of  a  bflttiry,by 
means  of  which  u  current  can  be  sent  through  the  wire  v,  uii 
measured  by  nicuiis  of  a  salvanometer  in  the  circuit.  A.  »c>!e, 
Sj,  IB  placed  a  little  behind  the  plane  of  the  threads,  gu  that  tin 
position  of  a  point  in  each,  on  the  eame  level  near  their  Inwer  I 
enda.  can  be  easily  read  oS. 

When  an  experiioent  is  made,  the  eliding  pieQt»,  pi,  p,  urr 
moved  towards  the  left  until  the  threada,  !„  t^,  are  quUe  aiiiii.  I 
and  the  positions  of  each  thread  on  the  upper  and  lower  fctl^i 
are  road  off  and  noted.  The  position  of  the  wire,  tn,  when  f^  I. 
sre  quite  siack  i»  also  marked  at  the  upper  and  lower  euilscit 
tiie  pule  faces  or  elaewliere.  A  current  is  then  sent  through  tL- 
wire,  EP,  in  auch  a  direction  that  the  elecironiagnetic  force  acting 
on  it  mov«B  it  towards  the  left  The  sliding  piecea.a,,^  are 
then  moved  towarda  the  right  so  as  to  cause  the  penduluiut  to 
pull  ihe  wire  by  meana  of  the  threads  f,,  (,,  back  aefain  to  iu 
initial  position.  When  the  upper  and  lower  enda  have  come 
back  to  their  former  poaitiona,  the  electromagnetic  force  on  [bt 
wire  ia  balanced  by  the  pulls  eierted  by  the  pendulums.  TIjb 
B  poaitiona  of  the  pendulum  threads  are  again  read  off  on  tlii< 
upper  and  lower  scales  and  noted,  with  the  strength  of  itir 
current  Bowing  in  lo.  From  these  results  we  can  easily  caicoUlt 
tiioaverageintensity  of  the  field  at  theplace  occupied  by  the  wirf, 
w.  For  let  tThe  the  mass  of  each  of  the  pendulum  bobi  in 
grammea,  d  (he  distance  through  which  the  top  of  the  penduloni 
thread  baa  been  carried  by  pi  to  the  right  of  tJie  point  of  tlie 
thread  oppoeite  to  the  lower  scale  S^,  d^  the  corresponding  dis- 
tance for  the  other  pendulum,  /  the  vertical  distance  between  tti<! 
levels  of  the  tops  of  the  pendulum  threads  and  the  lower  »e»\e 
meaaured  in  the  same  units  as  rf„  rfj,  L  the  length  of  tlie 
oppoaed  pule  faces,  and  y  the  strength  of  the  current  in  C.Q.S. 
units  (orie-tenlh  the  number  of  amperes).  The  downward  force 
in  dynea  on  each  of  the  miisaes  in  ffff,  where  ^  is  the  occelerv  I 
tion  in  ceutimetrea  per  second  per  second  (  =  981*4  in  latittideoff 
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Glasgow)  produced  by  gravity  in  a  falling  body  at  tlie  place  of 
experiment.  The  total  pull  to  the  right  exerted  by  the  threads 
on  the  wire  is  therefore  H'^G  (d^  +  d^jl^  and  this  is  equal  to  the 
pull  towards  the  left  on  the  wire  produced  by  the  electromag- 
netic action.  If  y  be  the  average  intensity  uf  the  iield  along  the 
wire  in  C.G.S.  units,  we  have  for  this  pull  in  dynes  llg.  Hence 
we  get  the  equation 

IT         lir   ^1  +  ^2 

and  therefore, 

Ly  *       I       ^^ 

In  an  experiment  made  on  September  16,  1882,  with  a  similar  Results  of 
arrangement,  M^  was  100  grammes,  /  100  centimetres,  C  '188  in     Actual 
C.G.8.  units  of  current,  L  30  centimetres,  and  d^-\'d^  26-84     Experi- 
centimetres.     Hence,  ment. 

,    100x981-4    25-84 

/cs -- — =4496 

^      30  X -188    •    100  -^^^• 

The  wire,  w,  should  not  be  so  flexible  as  to  bend  perceptibly 
under  the  influence  of  the  forces  to  which  it  is  subjected,  so 
that  tlie  value  of  /  found  may  be  nearly  enough  the  average 
value  of  the  intentsity  along  a  straight  line  in  the  space  between 
the  pole  faces. 

In  cases  in  which,  as  in  many  dynamo  machines,  the  opposite  Method  by 
pole  faces  uf  the  electromagnets  are  at  a  considerable  distance   Measure- 
apart,  with  or  without  pieces  of  soft  iron  in  the  intermediate     ment  of 
space,  it  is  practically  useful  to  find  simultaneously  the  magnetic     Couple 
field  intensity  along  two  lines  in  the  same  plane,  one  in  the  ®?  ??^y* 
vicinity  of  each  pole  face.    This  may  be  done  by  so  placing  the    "^  Field, 
electromagnets  that  the  two  lines  along  which  the  field  is 
measured  are  in  a  horizontal  plane,  and  using,  instead  of  the 
single  wire  carrying  the  current,  a  rectangle  of  copper  wire  or 
strip,  of  which  the  opposite  sides  are  in  these  lines,  supported 
on  knife-edges  in  the  bisecting  line  parallel  to  the  pole  face  so 
that  it  can  turn  round  that  line  as  axis.    The  frame  should  be 
weighted  symmetrically  on  the  two  sides  of  the  line  of  knife- 
edges,  so  that  it  rests  with  just  enough  of  stability  in  the  hori- 
zontal position.    The  ends  of  the  wire  or  strip  forming  the 
rectangle  are  brought  out  one  above  the  other  at  one  of  the 
knife-edges  with  a  piece  of  insulating  material  between  them, 
and  bent  over  so  that  the  end  of  each  dips  into  a  mercur)'-cup 


of  wire,  placed  on  the 
l.run^'lit  l)ack  t»  it.  it.ii 
intcnaily  i>f  the  (iehlx  n\ 
tlio  eiiiilDiriiim  pnsilinn 
l-eforeiueosiired  in  CG.S 
li  tlie  diBtance  between  tli 
electromagnetic  forces  r 
opposite  inomant  reHisling 
IT  grsmmeB  at  a  diatanc 
edges  is  used,  W^d'.    Ben 


from  which  /  can  be  calcu 

is  used, each  must  be  raultii 
knife-edges,  and  the  sum  of 
equilibrating  moment. 

In  some  cnsea  it  mnj  be  c 

of  wire  in  the  rectangle.     1 

Z,  nL  ie  to  be  used  instcail  i 

Circuit         An  obvious  mudi&catioQ  < 

Suipended  useful  in   some  cases,  is  a 

by  Bifilar   plane,  and  kept  in  equilibriu 

"'tl"       current  Ir  flowing  through  i' 

U/Pff      or  a  single  thread  or  thin  wi 

»r    t',      '8  sent  tliroiigh  the  frame,  it 

Movable,    ^y  jj^^^  electroniagnelio  actic 

position  of  equilibrium  by  n 
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■  to  the  vertical,  forces  restoring  equilibrium  are  opplieit  to 
prectangle.  As  before,  we  have  for  the  electroiuflgnelic 
ble  lyLd.  Supposing  the  two  points  of  Buspension  of  tbe 
_auluniB  to  be  on  one  level,  snd  the  points  of  nltnchment  of 
me  pulling  tljreids  to  the  pendulum  cords  to  be  on  a  level  lower 
by  n  (iistance  of  I  cms.,  the  distances  of  the  verticals  through  Ihe 
points  of  suspension  from  the  corresponding  verlicale  thraiit>b 
the  nttachments  of  the  tbrenda  to  the  pendulum  cords  to  be 
1^1,  dj  cms.  for  the  respective  pendulums,  and  IF  grsmmes  the 
mass  of  eacli  bob.  we  hiiva,  for  the  moment  of  the  oijuilibroting 
^forces,  the  valua  Wgd{d^  +  rf,)//. 

t,  equating  moments,  we  get 

.=3.H^...:...<3, 


s  the  aame  for  both  sides  of  the  rectsngle,  tf,  and  d^ 
9  be  equal ;  Init  in  general  there  will  be  a  small  difference 
D  the  two  values. 

ime  important  practicBl  cases  the  polo  fflcea  are  of  small    HeasnJ 

il  are  at  only  a  small  distance  iiparf.     If  (here  is  room,  a 

^1  rectangular  coil,  similar  lo  tlint  of  a  siplion  recorder  (tee 

L 152),  but  of  comparatively  few  turns  of  wire,  and  without  an    magnet 

B  core,  may  be  hung,  an  described  above,  between  the  poles,   Conple  on 

1  its  plane  parsHel  to  the  lines  of  force,  by  a  hifilar  or  a     Coil  hy 

ion  thread  or  wire,  and  a  measured  current  sent  through  it.  Pendulum. 

ngid  projecting  arm  <ized  to  the  coil  at  the  middle  of  its 

Ser  end  and  at  right  angles  to  the  plane  of  the  toil,  bus  rest- 

Eogainel  it  the  suspension  thread  of  a  pendulum,  atmched  at 

^pper  end  to  a  sliding  piece  movable  along  a  horizontal  bar 

ying  a  millimetre  scale,  above  and  at  right  angles  to  the 

Jecting  arm  ;  and  by  this  means  the  coil  is  brought  back  to 

Fin itial  position.     When   nu  current  is  flowing  through  the 

&  the  thread  is  allowed  to  hang  vertically  just  touching  the 

Kftnd  the  reading  on  the  scale  above  noted.   Let  the  difference 

"     n  this  reading  and  that  obtained  when  the  pendulum  is 

id  be  d,  and  let  /  be  Ihe  vertical  height  of  the  point  of 

^     lion   above   the   projecting   arm.     The  horizontal   force 

pried  by  the   pendulum   is  W^Jjl.  and  the   moment  of  this 

pd  the  vertical  axis  about  which  the  coil  turns  Wgr.dll,  where 

Bthe  dintance  of  the  pendulum  thread  from  the  central  plane 

*  e  coil.     If  n  be  the  number  of  turns  in  tbe  coil,  h  cms.  its 

1  breadth,  and  L  ems.  the  mean  length  of  each  side,  the 


of  lb*  nimde  tbU-atmntr  at  Am 


«  eail  bra^jci 


ir       -      ' '--~ti^   vertkallrin 

I'itti  ha  plsn> 
-  A  foroa  bj  tlM 
.  hfd    bdwoifa   il- 

i.,  »[,(  taats&il  be«r- 

WHijltiU  S',  natins  on  ■  dUm  tlighil; 
inclinol  lo  OiB  vertlrar.  A  cnrrew 
from  ana  or  iwo  cell*  vm  then  tent 
IlirniiKli  tlia  coil,  and  lite  diffcreoce  of 
piitpiilial  between  the  tennitiais  nf  the 
coil  II 


I..10.: 


)<l  liy  mcHna  of  a  potential 
ti.  Thctbrcadof  U>«  pea- 
miuia  to  full  Bf^aiuBt  ibe 


whidi 


pfujM-tinjt  I 

tliu  xipliun  !■  attadie<l  a*  Bhown  i.< 
tlio  flKuri-,  •!>  aa  tu  bring  tl>e  colt  back 
tQ  tbe  initkl  [-oailbn.  The  valne  of 
d  wu  IIm'H  ri'ul  off,  and  tiiat  of  C 
ilvdui^oil  itnm  tito  known  resiatauce  of 
tbe  coil  unti  lli«  result  of  tbe  mtiaaure- 
mont  with  iliu  Kali-Dnmiieter.acid  being 
•iibatitiilail  witli  till?  valuHti  of  tbe  other 
quantitiBK  V,  a,  i,  &c.  in  (4),  gave  tbe 
vBliiu  of  r. 

'  DaTnl>lti|t  oaiilett  bave  aometimea  been  delet- 
of  CoU  luinod  by  tlie  following  tuetbod,  whioU 
'MllUtlrig  In  Ititeroitlng  tbaurctiuollv. 
lirUlil,  AdvnnUga  i»  taken  of  llie  eignal- 
Duil,  wbiali  cunaialH  of  a  rectangular 
coil  n  little  uiore  llian  &  cms.  long  and 
I.  broad,  made  of  thin  ' 


mv 


rlcd  bv  a  Bilk  Ibrend  above,  ao 
to  bnug  ill  «  vt-rticiil  jilnnu  round 
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«  rectangular  core  of  iron,  which  nearly  fills,  but  nowhere 
touches,  the  coil.    To  the  lower  end    of  the    coil  two  silk 
threads  are  attached,  as  shown  in  Fig.  152,  and  are  stretched 
against  a  bridge  B  by  two  weights  resting  on  the  inclined 
plane  W,     This  biiilar  arrangement  gives  a  directive  force, 
tending    to    bring    the   plane    of   the    coil    into    parallelism 
with  that   of  the   bifilar  threads;   so  that  when  the   coil  is 
disturbed  from  that  position,    which   is  one  of  stable  equi- 
librium, and  then  left  to  itself,  it  will,  if  the  circuit  be  not 
closed,  vibrate  about  the  position  of  equilibrium  with  a  determi- 
nate period  of  oscillation,  with  slowly  diminishing  range  until  Determin- 
at  last  it  comes  to  rest     But  if  the  circuit  be  closed  through  a    *J*??  ^^ 
high  resistance,  the  coil  will  come  more  rapidly  to  rest ;  and  if  t»    •  ^5*^ 
we    gradually  diminish    this    resistance,  deflecting    the    coil     ^fnS\^ 
through  the  same  angle  and  noting  its  subsidence  at  each  dimi-        f^^ 
nution,  we  shall  find  it  come  more  and  more  quickly  to  rest,     Osdlla- 
nntil  a  resistance  is  obtained  with  which  in  circuit  it  just  returns       tion. 
to  the  position  of  equilibrium  without  passing  that  position. 
When  this  resistance  has  been  determined,  the  strengtn  of  the 
field  can  be  calculated. 

Let  6  be  the  deflection  of  the  coil  from  the  position  of  equi- 
librium at  time  U  and  T  its  period  of  oscillation  when  the  circuit 
is  not  closed.  We  have  then,  neglecting  the  resistance  of  the 
air  and  other  disturbances,  for  the  equation  of  motion, 

d^e      47r«        ^ 

di^+  ^  ^=0 (5) 

Let  now  the  circuit  of  the  coil  be  closed ;  a  retarding  force  Theory  of 
due  partly  to  air-resistance,  but  in  the  main  to  the  current    Method 
induced  in  the  wire,  and,  if  the  effect  of  self-induction  be 
neglected,  proportional  to  the  angular  velocity,  will  act  on 
the  coil ;  and  the  equation  of  motion  for  this  case  will  be  of 
the  form 

di^  +  ^di+W^-^ («) 

For  let  /be  the  mean  intensity  of  the  magnetic  field  over  the 
space  occupied  by  the  coil  at  time  t,  L  the  inductance  of  the 
circuit  for  that  position  of  the  coil,  It  the  total  resistance  in  the 
circuit,  fi  the  moment  of  inertia  of  the  coil  round  a  vertical  axis 
passing  through  its  centre,  I  the  effective  length  of  wire  in  the 
coil  (that  is,  the  length  of  wire  in  its  two  vertical  sides),  and  b 
the  mean  half -breadth  of  the  coil.    If  we  call  N  the  number  of 

z  z  2 


MM  «f  fans  vlaoh  ji*^  tlinH^ti  the  nil  bi  tim  ^  i>j  t  Bt 
«tHbftk  of  tbi indacad  enr^t  u  tine  cml  U  tUt  iiKaL«i 


;:rv.   iDnT  HIT  BM-oDd  term  of  ilijs  expressloo fa|r  1 
ifW-ifcTi""  "■  fmninrieon  Mjth  the  fir»t;  tirfitt    r 
■■e^  -<■    b-  iiuniiW  br  the  results  of  tbe  tipi^  | 
•c**'^.  K*ir!i  «-i'i:  idth  reBuIt!>  oKiained,  for  atte 
^-  -<u»>  naDi-nn  h.T  kinthiificatloD  of  the  woa' 

-  -  -ft  •.-Ji.ir.  nf  ihp  field  on  the  miw* 
--..-i'-.-.  ,11  ihf  pnpp,w.!rion  of  negligible  »* 
-■»»ii»»tor.  nf  :ht-  Mipciar  relocitv  of  the  toilll 


«*"  7i ' 


~  ^=0. 


•^iwiwnrwi  Kv  this  differenlia]  eijiiatioa  rflh 
>iu-.4Wiil<srnTT.  wordinc  as  Ihe  rood  of  th  > 
laKl  bW  imMriimiT  er  renl — iti«l  is,  according  M  [ 
'  »■  .*(  ]3™«(,  if*  ^e■  iJie  oritical  rpsinuM 
«i*»  tinfl  op«*<»  t<>  he  o(*iiI»torj-,  we  have  ' 
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Mode  of 
Experi- 


Wben  I  and  b  are  expressed  in  centimetres,  fi  in  grammes 
and  centimetres,  T  in  seconds,  and  It  in  cms.  per  second,  /  is 
fl^iven  by  this  equation  in  absolute  C.G.S.  units  of  magnetic  field 
intensity. 

The  method  of  experimenting  consisted  in  first  finding  the 
value  of  T,  the  free  period  of  vibration  of  the  coil  with  its 
circuit  uncompleted,  then  finding  the  resistance  which,  being  ™e>itw»K 
placed  in  circuit  with  the  coil,  just  brought  the  needle  to  rest 
without  oscillation.  This  resistance  was  conveniently  obtained 
by  means  of  a  resistance-box  included  in  the  circuit,  and  therefore 
added  no  self-inductance  to  that  in  the  coil.  An  aluminium  arm 
attached  to  the  coil,  and  carrying  the  siphon,  served  as  an  index 
to  render  the  motions  of  the  coil  visible.  The  resistance  E  was 
first  made  much  too  great,  so  as  to  give  a  stow  subsidence,  then 
gradually  diminished  until  the  value  which  just  prevented  oscil- 
lation was  reached ;  and  it  was  found  that  tliis  value  could  be 
determined  easily  within  50  ohms,  and  with  ^reat  care,  to  20 
ohms.  As  the  experiments  on  the  recorders  had  to  be  made 
somewhat  hurriedly,  and  disturbances  generally  were  neg- 
lected, and,  further,  as  fi  was  taken  us  equal  to  Wi^,  where  W  is 
the  mass  of  the  coil,  the  results  could  not  be  taken  as  giving 
more  than  a  rough  approximation  to/:  but  those  for  two  in- 
struments are  given  below  in  illustration  of  the  method.  For 
both  instruments  the  values  of  ir,  Z,  and  6  were  the  same,  and 
were  respectively  taken  as  3*343  grammes,  3338  cms.,  and  '95  cm. 
Each  coil  had  a  mean  vertical  length  of  5*3  cm.,  a  mean  breadth 
of  1*9  cm.,  and  contained  45*72  metres  of  fine  wire  arranged  in 
290  turns,  and  had  a  resistance  of  about  500  ohms. 


r. 

0) 

•465  sec. 

(2) 

•500    „ 

R  L 

3330  X  109  cms.  per  sec.  5150  C.G.S. 
3530  XlO»     „  „     5120 


» 


>) 


Results  of 
Actual 
Experi- 
ment. 


This  method  is  obviously  applicable  in  any  case  in  which  a 
coil  can  be  suspended  by  a  torsion  wire,  or  bifilar,  or  other 
arrangement  so  as  to  have  a  measurable  free  period  of  vibration.* 


*  The  method  just  described  gives  (theoretically)  a  means  of  deter- 
mining the  ohm.  For  suppose  the  coil  hung  in  a*  sufficiently  intense 
and  uniform  field,  the  intensity  of  which  has  been  measured  by 
another  method,  and  the  decrement  of  the  oscillatory  motion  produced 
by  the  induction  observed.    Then  the  resistance  could  be  calculated. 


B  awed  qvi^Iy  acroaa  the 
■  iatkfidd.  TbG«ir« 
*  ffiy»DCBMa 
1  aS  Be«il«9  of 
It  oi  iKftia  that  the  wbu!« 
I  of  the  win  bu 
I  tkm^  the  rail  Man  tke  needle  hw  been 
Tlw  i^-^f^i™  thus  obcained  b 
Mif  ri.  lad  rnwpimrl  with  the  dafcctiop  obtMped  when, 
vHb  the  BMe  or  »  onaller  ii  ibliiii  ia  circuit,  a 
portion  of  the  ooodoctor  is  made  to  sw«ep  aaoes  tto 
lioM  of  fince  o«ec  a  definite  em  of  a  aotform  fidcl  of 
known  intennty.  soch  u  that  of  the  earth  or  iu  liori- 
zootal  or  Tcrtical  component.  _ 

In  performing  the  experiments,  it  b  necessary  to  ti 
precautioDB  to  prevent  any  action  except  that  betwi 
the  definite  area  of  the  fieM  selected  asd  the  i 
cutting  ita  lines  of  force.  For  this  purpose  the  cooc 
in!;-wire,  which  is  covered  with  instilating  material,! 
bent  so  as  to  form  three  sides  of  a  rectangle,  the  midiu 
one  of  which  is  of  the  length  of  the  portion  of  field  I 
be  swept  over.  This  siile  is  placed  along  one  side  | 
the  space  over  which  tt  is  about  to  be  moved  e 
the  connecting  wires  lie  aloDg  the  ends  of  the  spi 
nnil  the  open  rectangle  is  then  moved  in  the  direct!^ 
jdto  two  sides  uotil  the  oppodte  side  of  the  space! 
The  connecting  wires  thus  tlo  not  cut  I 
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inea  of  force,  and  the  induced  current  is  wholly  due  to 
S>e  closed  end  of  the  rectangle. 

Instead  of  a  single  wire  cutting  the  lines  of  force,  a  Biuneniii 
xtil  of  proper  dimensions  (for  many  puq)oses  conveni-  ^ 
ptiy  of  rectangular  shape),  the  mean  area  of  which  is 
ictly  known,  may  be  suspended  in  the  field  with  its 
lane  parallel  to  the  lines  of  force,  and  turned  quickly 
land  through  a,  measured  angle  of  convenient  amount 
pt  exceeding  90° ;  or  it  may  be  suspended  with  its 
lane  at  right  angles  to  the  lines  of  force  and  turned 
■rough  an  angle  of  180°.  If  n  be  the  number  of 
I,  A  their  mean  area,  and  /  the  mean  intensity  of 
i  field  over  the  area  swept  over  in  each  case,  then,  in 
Be  first  case,  if  ^  be  the  angle  turned  through,  the 
i  swept  over  is  w^ain^  and  the  number  of  lines 
is  nlAsmff;  in  the  second,  the  area  is  ZnA, 
1  the  number  of  lines  cut  is  27i,2A. 

_a  order  tliiit  with  ihe  feeble  intensity  of  the  enrtli's  field  n 
nilficiently  great  deflection  for  cociipnriBon  niHy  be  obtained,  it  Indit 
U  neuoss'iry  tUnt  iL  relntively  large  aren  of  tbe  field  ebould  be 
swept  over  by  the  cgnduotor.  One  convenient  way  is  to  mount 
un  tniiuiioiia  n  coil  of  moderately  line  wire  of  n  coneiderable 
number  of  turns  woiinil  round  ■  ring^  of  liirge  racliiia,  like  llio 
coil  of  a  slniiilnrd  tangent  galvanometer,  und  arranged  with 
Rtops  BO  that  it  can  be  turned  qtiiekly  muad  a  hnrixuntnl  nxis 
through  an  exnct  bulf-turn,  from  a  position  in  whtcli  ite  plane 
is  exactly  nt  rijfht  ancles  to  the  dip.  This  coil,  if  Ihe  ballistic 
giilvanompter  is  sensitive  enuiigli,  may  always  remain  ill  the 
circuit.  Tbe  change  in  the  Dumber  of  lines  of  force  passioK 
through  the  coil  in  the  same  direction  relntively  tu  the  coil, 
produced  by  the  half-turn,  is  plainly  ei|ual  to  twice  as  many 
times  the  area  of  tbe  turn  of  mean  area  as  there  are  turns  in 
the  coil  (the  effective  area  swept  over)  multiplied  by  the  total 
intensity  of  the  earth's  mognetio  force  at  the  place  of  experi- 
ment. Or,  and  [ireferably  when  the  horizontal  loniponetit  of 
■ 's  mngnelic  force   has   been  determined  by  eiperi- 
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menl,  the  coil  mtjr  be  placed  ia  an  esst  and  w 
vertical  pUne,  and  turDed  ihrouKb  ma  exact  1 
iiu^'netic  field  intenBity  by  which  the  efiective  areaiito 
multiplied  is  in  this  cute  the  Talae  ot  B* 

Liflicieiitly  large  area  of  Ilie  earth'*  field  for  compa 


some  caacs,  be  obtained  veiy  readily  by  canriiig  Dm  I 
ruil  of  H-ond.  gny  two  or  three  inetrM  Ioll|;,ol  1 


i-iispendins  this  rnd  in  a  horizontal  position   by  the  ooatini-   I 

lioDB  uf  the  couductur  at  itH  cuds  from  two  fixed  auppoitafaia 
horizontJi!  line  M  »  dinCancK  apart  equal  to  the  leogtb  of  At 
rod,  and  securins  the  n^inainin^  wiru  in  circuit  00  that  t^ 
may  not  cmise  <lii;turbnnce  by  their  accidental  motion.  TIm 
rod  will  tliuB  be  free  Id  swing  liko  a  pendulum  bythet»« 
KURpendiiig  wires.  The  pendulum  thus  made  ia  slowly  dt- 
fli.'Cted  fruiu  the  vertical  until  it  reala  against  stops  anangcd 
tu  limit  its  mutiun.  When  the  needle  ia  at  cero,  the  rod  is 
ijiilckly  thrown  to  the  other  side  against  similar  Btopa  then, 
and  caught.  The  Htrsi^ht  conductor  thus  sweeps  over  an  trei 
uf  the  vvrlical  component  of  the  earth's  field  equal  to  tha 
|ini(lucC  uf  the  Ieiit;lh  of  the  rod  into  the  horizontal  distsiK* 
betWQoii  the  two  pusilioDs  of  the  conductor  at  the  extremidM 
of  its  swing.     The  rod  may  he  placed  at  any  a 
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wheie  fi  is  the  moment  of  inertia  of  the  needle  and 
attachments,  m  the  magnetic  moment  of  the  needle,  H 
the  earth's  horizontal  magnetic  force,  and  G  the  constant 
of  the  galvanometer.  If  6  be  small,  as  it  generally  has 
been  in  these  experiments,  we  have 


^'IJ'-^' (i«) 

and  the  quantities  of  electricity  produced  by  sweeping 
over  two  areas,  A  and  -4',  are  directly  as  the 
deflections. 

Let  A  be  the  total  area  swept  over  in  the  field  or 
portion  of  field  the  mean  intensity  /  of  which  is  being 
measured,  A'  and  /'  the  same  quantities  for  the  known 
field.  By  K  the  respective  total  resistances  in  circuit, 
q,  q'  the  quantities  of  electricity  generated  in  the  two 
cases,  6,  6'  the  corresponding  deflections  supposed  both 
small ;  we  have 


Al      1     /ij^U 


.     AT     1     /^H 
and  therefore 

^      AKff ^^^^ 

If  convenient,  6  and  6'  may  be  taken  as  proportional 
to  the  number  of  divisions  of  the  scale  traversed  by  the 
spot  of  light  in  the  two  cases. 

The  error  caused  by  neglecting  the   effect    of  air 
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resistance,  Szc,  in  diminisliinij  the  deflecii'V.i  \\:.\ 
nearly  eliininateil  if  12  and  li'  be  chosen  so  tiiut  t?  : 
6'  are  nearly  equal. 
Soli-noid        The  following  method  of  reducing  balli>ric  oWor 
^w"^^  i!f!L?/ tion3  to  absolute  measure  is  verv  convenient  wli.?!i 
H.illUtic    earth  inductor  is  not  availabh?.     A  sli'>rt  iii«lucti'»ii 

IN'VlltS    to  ^  ^        y  ^  i*  1- 

Ahsolute  wound  round  the  ct-ntre  ot  an  ordmarv  in.T.nitUi 
Mea.surc.  \^^\[y^^  whose  length  is  great  compruvi  with 
diameter,  is  kc^pt  in  circuit  with  the  galvaiiMim  ter. 
measured  current  is  sent  throuirii  the  wire  *'>i  the  i* 
and  when  the  needle  is  at  rest  the  circuit  ff  the  ] 
is  hrnki.Mi.  and  the  galvanometer  «ioflocti"U  r-.M'!  •  ?. 
X  Ih-  tilt'  TiumbiT  nf  turns  iit'  win*  ]Mn'  I'lii.  "ii  'h  ■  ! 
7  tilt*  (.•un«'iit  in  r]»  ctr'»:ii:)'4ih.-*i<^  ( '.( J  S.  v.'ii'v 
'.ji  i^notii-  i'>r««'  within  x'  is  l-?r.Vy  {•••i".".-!  t 
;:xi<:  aibl  it  ,/'  1-"  tin'  prn^.r  iii.-.iu  .-ir'-.i  -..t  'i.-.  ■■ 
s».'OTii»n  •»t'  rhi*  hi^lix,  :ui<l  ./'  tli'.'  ihuiiIm  r  i.f  -iniis  :: 
iii'lrn'titiri  0"il.  tli>.-  niunh'-r  «•!'  lin.-s  i'.i\i\'  r-;'.- 
t-'r*-'.'  jj.issini,^  out  (»t'  thi*  L::i!v:nhfiii-t«-r  cir.-'iit  \\\:':i: 
iMirn-nt  is  s^»pP'm1  is  47r.\.:  -^'y.  S.-r  7"  i-. 
:ib«»Vi..]  Ht-nce  7/'  «i''n  'M'hl;-  tin*  r"t.!!  ri'-ii-'.i!... 
I'iivuit,  the  tofnl  quantity  v  i>i  rli'.rr:'  i^v  l:.:::--.  *■ 
\-7rX"'.l'y  /i"  an.l  in.-tt.a'l  «'t"     I  T  \\.-  i^.  r 
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Section  II 

.J)ETERMTXATIOX  OF  MAQNETW  DISTRIBUTION,   MAO- 
NETIC  IXDUCTWX,  AXD  PERMEABILITY 

The  ballistic  methcxl  of  investicration  was  also  used    Magnetic 
l>y  Prof.  H.  A.  Rowland*  for  the  determination  of  that     bution". 
ideal   surface   distribution  of  magnetism  on  magnets  xPtjJlJJJ^^f 
which,  as  shown  by  Gauss,  may  be  supposed  to  replace     Investi- 
the  actual  distribution  so  far  as  the  production  of  tbe     'Ration, 
external  field  is  concerned. 

That  such  n  distribution  is  possible  and  determinate  is  obvious       Ideal 
from  the  eloctric  analogue.     Consider  a  distribution  of  electric     Surface 
potential  corresponding  precisely  to  the  given  one  of  magnetic      Distri- 
potontial,   and   produced   by   a   volume  distribution  of  equal   bution  on 
quantities  of  positive  and  negative  electricity,  corresponding  *  Magnet. 
in  position  to  tlie  magnet.     Tliis  is  obviously  possible.     Then 
Rupposo   a  thin   conducting  surfuco  to  bo  placed  round  the 
electric   distribution,  corre8])onding  exactly  to  the  surface   of 
the   magnet,   and  connected  to  the  earth.     The  potential  at 
external  points  is  thereby  reduced  to  zero.    Thus  the  induced 
distribution   pro<luces   a   distribution    of  potential  equal  and 
opposite  to  that  due  to  the  electric  system  within  the  shell,  and 
therefore  if  reversed  would  produce  precipely  the  same  distri- 
bution of  potential  as  the  latter  does.     The  total  amount  of 
this  induced  distribution  is  equal  and  opposite  to  that  in  tho 
internal  RVHtem,  and  the  distribution  is,  as  we  have  seen  in  vol.  J., 
uniquely  determinate.     Hence  translating  back  to  the  magnetic 
case,   it  is    clear  that  a   distribution  of  mngnetism  over  tho 
surface  of  the  magnet  may  be  supposed  to  exist  and  produce 
the  external  field,  and  may  be  made  tho  subject  of  experi- 
mental research. 

When  foimd  it  expresses  the  mode  in  which  the  lines  of  in- 
duction enter  or  leave  the  surface  of  the  magnet ;  br.t  it  is  not 
to  be  taken  as  having  a  real  existence. 


•  Phil.  Mag,  vol.  L,  1875. 


SoM-Jud  nHaAiii: 


iu  fbsc  at  n^  ni^ls  to  d* 
n  of  ciftMl  AoR  Aa 


>»■£  -of  nua  ak^  ji«  Iqt 


tiftlic  needle  uNad  Itr  ^ift  i 
tbuf  ubtaiand  gave  &r  ifamr  a 
ettim&lc  of  tia:  ^^— ^"j  m  ^ 
nHVD«t,artlMafaalB 


tMwml- 


I.  skI  tomtit 
■  hr  atm  u  ii 

earth  tbdoctor. 
Thi*  tnetbod  irhli  uj 

Uon  of  rtwlta  to  slnohrta  ^ 

*pj^  helix  smngement  jurt  desmbed)  gires  a  Terr  n«dj 

iiuwaH  of  estimating  with  mnch  esactne^  the  lotil 

quantity  of  migaetiim  aocordisg  to  the  ideaJ  distribi- 

linn  in  oue  pole  or  one  end  of  a  magnet,  wbethei  of 

b«t,  liontc-shoe.  or  otiier  shape.     The  ring,  Tfhich  f ' 

Ih*"  i>n>«?ni  purpose  may  be  Jarger,  and  thick  enmii 

hi  (suiUii)  any  coovonient  number  of  turns,  is  pUfti; 

at  ttw  opatiaJ  or  nmtly  neutraJ  region  of  ibe  ms^ 

aMi  »*«•  ^niekly  puHod  off  and  away  from  the  magnet 

whA  *1(»  gahaaometw  ilcfli-ction.  ff.  noted.     A  tneasai»J 

4«if*w>rl   w  dMB  »nl  through  the  helis,  and  the  de- 

*<>C4fml",  rt^fr"**  K""  suddenly  opening  the  circuil 

tjW*       U^  •  W «W »W«»lvr  of  lun.9  in  the  ring  of  wire,  ^ 

^***    S»KW»ai^««M*^»'-'-**-''*  ""''^•''''"^^^f'srain  the 

yWft* -ri  <l#  W^  W|*  *"^-  """^  ^t-e  number  of 
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of  ioduction  cut  through  by  each  turn  of  wire 
ring  is  iirip.  and  if  Ji  be  the  total  resistance 
lit,  the  total  quantity  of  electricity  generated 
p/S.    We  have  therefore 

i'jmA     IIT  .    B 
3  =  -^-  =  ^(T  sin  ^ 

for  the  helix  we  get  from  the  calculation  above 


_  J-rrKnA'y  _HT  .     6' 


division  we  find 


n'R  sin  ^ 
-NA't i  ....     (13) 


if  the  deflections  are  small  a 


^  =  NA''i 


nRB'  ■ 


CIS') 


This  equation  is  of  course  also  applicable  to  the  re- 
u:tion  to  absolute  measure  of  the  results  of  deter- 
iDatioDs  of  magnetic  distribution  made  by  the  ballistic 
ethod.  The  value  of  4>  deduced  for  each  deflection 
»ided  by  the  area  of  the  correspondingly  small  portion 
the  magnet  is  approximately  the  surface  density 
the  ideal  distribution,  the  distribution  on  the  end 
s  being  of  course  included  in  the  end  deflections. 


Caloi 

UtiM 

DflURt 

IiImI 
tribnl 


-L.ei  tor  example  th( 

wire  magnetized  by 

I'ows.     An  inductio. 

encircles   the   magr 

ends,  and  is  in  circi 

If  the  magnetizing 

general  be  a  changt 

duced.current  is  thei 

galvanometer  circui 

observed,  and  tlie  chi 

its  amount.     Thus  if 

reeled  if  necessary  foi 

and  n.  be  the  numbe 

the  total  induction  th 

equation 
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7i'Ii  sin  5 
rfB  =  WNA'y ^.     .     .     .     (13) 


By  beginning  from  zero  current  and  increasing  the  j?'!'!^"- 
enirent  by  small  steps  observing  the  increment  dS  of    Dotcr- 
bidaction  at  each,  the  total  induction  at  any  stage  can   ^!^?§, 
be   obtained  by  addition  of  the  previous  increments,  ludodtioii. 


1 

-n 

— 

r^— 

P 

rz 

pi 

— 1 

■a.«oU 

J    !/ 

- 

~ 

~ 

~ 

$             \ 

R, 

i         ' 

1 

i 

1- 

;'i 

•7 

4 

l^ 

jJ 

— 

- 

_ 

_ 

_ 

_ 

~) 

Ftc 


from  zero.  The  results  can  be  represented  in  a  curve, 
with  inductions  as  ordinates  and  strengths  of  magnet- 
izing current  as  abscissae.  The  abscisEte  will  thus 
(with  a  certain  correction  specified  below)  be  propor- 
tional to  the  values  of  H,  the  intensity  of  the  magnet- 
izing field  at  any  point,  for  the  different  strengths  of 
current.     Such  a  curve  is  shown  in  Fig.  153. 
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bj  sucli  an  nrrangenieat  it  is  possible  tu  iiiiC  tlie  tiiagnetmiig    HojA 
litent  til  rough  aay  seriee  of  cliangen,  for  example  to  iacrease  it    ''~  " 
f  Bud  of  the  rheoBtnt  from  neri)  to  ntiy  required  poflitivB  vnliie,  P 
tdnftlly  diminish  it  again  to  zern,   then  reverse  the  current, 
tduftlly  increiBe  its  negotive  vahis  and   finnlly  dimiiiiah  it 

■atigement  horo  figiirerl  iniiy  of  eourBe  be  varied  to 
It  *ny  part ieiilBF  cane.  In  Ur,  Hopkinson's  eiperimenls  the 
f  B,  K,  was  in  two  halves,  of  which  one  B  could  be  Huddenly 
'Ibdniwn  by  the  handle  shoivri  in  Fig.  166.  When  this  was 
Ihe  cnrrenl  in  the  magneliKing  eirciiit  wna  aimultaueously 
n  and  the  coil  D,  which  was  littnched  to  a  spring,  was 
Hod  suddenly  out  of  the   field,     TIitib  Bt  any  lime  a  reading 


^/'///////////Mfm///////'/////////////////^^^^ 


A 

Wi 

t,i 

Fio.  155. 

could  be  uittained  for  the  whole  induction  in  thK  coil  ;  iind  die 
procedure  adopted  was  to  subject  the  bar  to  eucecaaive  specified 
series  of  changes  of  magnetizing  force,  and  test  the  final  state 
of  the  bar  in  the  tnnnnerjunt  indicated.  A  correction  was  made 
for  the  excess  of  induction  due  to  thg  fact  thitt  the  area  of  the 
induction  coll  waa  greater  than  that  of  cross-section  uf  the  bar. 
This  correction  was  found  by  substituting  a  rod  of  copper  and 
a  rod  of  wood  for  the  iron,  and  measuring  the  induction  with  a 
conaidersble  magnetizing  force  applied. 

The  bar  had  its  ends  embedded  in  n  mass  of  soft  iron,  A,  A, 
the  action  of  which  will  be  discussed  preaenlly.  Some  of  the 
"l  VOL.    II.  3   A 


mm^mmttf.^»ri^^  &>  iwl«rtii  ■  vUek  pMM  b«<» 
':  «n.    te  >  «rib  ai^  «ill  W  a^   if  iw   i^i  M*rlf  i 


KM*  bM  iim  iicj   pradMcd  wi£fai  the  w 
TIbb  if    B  iemote  the  integnl  indaetioiT 
'  U*'   ioioetJoQ   ctiEI,  tb*  yui  of 
B-U  -f  H 


■(**T,  wnere  »  is 
ipth  on  th*  helii. 
be  nken  into  ar^oont  u 
■ver  even  wben  this  p»n 
n  >iIoT>j)e«'  to  be  cnide 
lie  magnet uation  of  tli« 
f  ia  a  lors:  b»r  uniformlj  magnetired 
J~~^     4an^^  SI   1  .^rrwOKE  for  Uw  end?,  and  is   a   demagnetizing 
^^-^     5w«-  jp  &t«   jDCJwol  Ji>  ihe  Piher  part  of  B-     In  short  ire 
'"  1 1*  aw  iiii  iBWBsiiT  at  arty  point 

d»  ratT«nt  am!  H,  <o  (he  magnetization  of 

H  -  *r»7  +  H",  +  Hi (1«) 

■rtacw  Wx  *»■•«»  *•  «ff*<^'   <*f  '•'^  **"'*  °^  **•*  telii,  and  le 
■rug-  antfcJ.  ia  y«»«iaL  _   ,        ,         . 

r*  i^t  >  «sMN<  I»il  for  H.  fo'  «  '""'^  ''V  V  "'■J'  <='"»■"'<' 
te  Wt  w  svi.;  piobte  eUipsoid.     Then  by  (100),  p.  54,  we 
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have  for  the  field   intensity  within  the  bar  dae  to  its  own 
magnetization  supposed  aniform  and  of  intensity  I 


H,  =  -LI 


(17) 


where  L  has  the  value  given  in  (101),  p.  54.    If  (B-H)/47r  be 
put  for  I, 

H,=  -Z?^ (18) 


or  if  B  be  very  great  in  comparison  with  H  fts  is  generally  the 
case  in  soft  iron 


H2=  -^B 


(18') 


Values  of  L  and  L/iw  calculated  from  the  expression  (101) 
have  been  given  by  Prof.  Ewing  for  difEerent  ratios  of  length 
of  bar  to  diameter  of  cross-section,  that  is  different  values  of 

1/  V 1  -  ^,  where  e  is  the  eccentricity  of  the  ellipsoid.  These  are 
given  in  the  following  table^  with  an  additionsJ  number  for  the 
ratio  1000. 


Batio  of 

Length  to 

r. 

L 

Diameter  of 

Ja. 

4ir 

Cross-sectioo. 

50 

•01817 

•001446 

100 

•00540 

•000430 

200 

•00157 

•000125 

300 

•00075 

•000060 

400 

•00045 

•000037 

500 

•00030 

•000024 

1000 

•000089 

•000007 

Table 
for  Calcu- 
lation of 
Demag- 
netising 
Force  in 
Ellipsoid. 

Demag- 
netizing 
Force  in 
Sphere  or 
Disk. 


It  is  instructive  to  compare  these  values  of  the  coefficient  Z 
with  the  corresponding  quantities  for  a  uniformly  magnetized 
sphere  or  a  very  oblate  ellipsoid  of  revolution^  a  disk  in  fact. 
For  the  sphere  the  value  (p.  55)  is  Jtt,  for  the  disk  4ir. 

3  A  2 
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j—wnm  lUB  latio  oriliG  iRiigiietiziiig  force  H  actually  esiiiliue  U 
Aciiwl  point  when  tlie  magnetizBtioa  »  of  iotensity  I,  to  (be  a 
9  Apnlivl  aelUing  force  H|  applied  by  llie  L-oil  !■ 

E  _  ,      y  _  ,      ^H 

M,  -  '     B,  -  '       H,l-    ■    • 


iietizing 
FroUU 


-    FroUi 


if  *  br  Uie  tnognetir  Huscepttbilitj^.    Thus 


i 


Comet  iiig 
far  KffMt 
at  Knd*  of 
IiOiig  Bart 


If  It  be,  aay,S0Oand  the  length  he  100  times  the  diameter, ti 
value  'OI)Ci40  rif  £  derived  from  llie  above  toble  gives 


or  the  deiasgnetiziDg  £on:e  is  about  ^   tliat  upplieit  by  I 

For  the  ratio  500  and  1000  of  length  to  dinmeler  the  v 
of  H/Hj  are  reipectively  1-314,  10445.  The  demugneti 
force  is  to  the  fonuer  cane  etiual  to  about  ^,  and  in  ue  1 
iibout  -04S  of  the  magnctJKing  force  actually  operative. 

The  values  of  the  induction  thus  found  for  different  fl 
inlenBitiee  app'ied  by  the  current  therefore  correspond,^ 
smaller  inugnclizing  forces  than  those  directly  calculated  bat 
the  current,  in  the  ratio  of  H|/(Hi+H(}-  In  the  ^graphic*! 
rvpresentatjon  of  the  results  of  experiraeuts  this  can  be  corrected 
for  very  easily  by  drawing  a  line  OJ"  (Fig.  Ifi7)  inclined  to  tk 
loft  of  the  axis  of  OF  at  an  angle  i'OJ'-  =  tftn-'  (IIU)  ud 
measuring  the  values  of  Hi  from  this  line,  instend  of  form  OJ^ 
For  we  huve  1 

H  =  H.  -  il  =  H  -  ^B     .    .    .    .    (J 

nonrly,  that  is  any  induction  B  correspouds  to  an  operalnl 
mngnetixiiig  force  less  than  Hj  hy  the  fraction  I,/4ir  of  B.  Bl 
the  construction  given  therefore  the  points  In  the  curve  tre  Ifl^ 
down  at  once  in  their  correct  positions. 

The  condition  of  endlessness  may  be  attained  by  the  use  nf 
«n  anchor  ring  of  the  materia]  and  wrapping  it  round  nniformlj' 
with  wire;  but  in  this  case  the  field,  as  shown  at  p.  279  abov^ 


it  nil  di 


from  tlie  a. 


In  fact  iS  JfM 


li.e  tctal  imiuliors  of  timis  in  llie  iiiaj,'iLeli/iJif,'  li.^lii 
current  in  each,  H  tlie  force  at  u  point  witliin  tiie 
distance  r  from  the  centre,  2iryH-«4njVj'  tliat  is 


■  "?**.  rf  ?"y  ''*  nixle  as  nearly  equal  to  r  u  we  please  by 
diroiniahing  tbe  dimeaeiona  of  uroB^-aection  relatively   to  rj. 


■"•^Is 

1  -  -i  ■  •- 

«».  M 

0  ■  ■   ■      "  »  ■    .      ..  .^  ..  «  J.  ■!■  .4  i 

MagnttltMg    Font.  U. 
Fio.  156. 

Experiments  on  anchor  riogs  have  been  made  by  Bowlanil*, 
Boeanquet  t,  Ewing  {  and  others.  Of  course  in  such  experi- 
ments the  ballistic  method  is  the  only  one  that  can  be  followed. 

Practically,  endlessness  may  be  attained  by  placing  ttie  bar  Bar 
to  bo  experimented  on  in  a  space  cut  in  a  block  of  as  permeable  Soft 
iron  as  possible,  so  that  the  ends  of  the  bar  fit  deeply  and  closely      ^° 


•  Phil.  Mag.  Aug.  1873,  and  Nov.  187*. 
1-  IbuL.  Feb.  aud  May  ISBS. 

i  Phil.  Trtmt.  Jt.  S.,  188B,  or  Magnetic  Induction  it 
MetaU,  p.  70. 


'•     "'"^*  of  infliction  is 


J.p.™«iili,,i.     ^'^^ 


or  Ui«  oircnit  fonnod  br  the  ™ 
■ron  ^,  „  ftreS^.;",™ 


EFFECT  OF  AIR-GAP 


727 


Tbas 


(26) 


or  H  in  the  iron  is  less  than  4nNy/l,  which  woald  be  the  value 
if  the  rod  were  in6nitely  long,  by  the  amoant  4wNyl'fi  S/ti'S\ 
Thos  if  fi'  is  great  in  comparison  with  fi,  the  correction  can  be 
made  very  small. 

There  is  a  further  correction  for  the  passage  of  the  lines  of 
induction  to  the  iron  yoke.  For  one  thing  the  effective  size  of 
the  iron  at  the  junction  is  not  equal  to  the  cross-section  of 
the  iron  yoke,  though  this  may  be  taken  account  of  by  an 
addition  to  l\  If  the  bar  were  welded  to  the  yoke,  or  formed 
one  piece  with  it,  the  proper  correction  would  be  that  applic- 
able to  a  conducting  wire  joining  two  large  masses  of  metal. 
The  joint  however  between  the  specimen  and  the  yoke  has 
quite  a  perceptible  effect  and  is  in  fact  equivalent  to  a  narrow 
air-ffap. 

The  effect  of 


le  enect  ot  an  air-gap  in    a  magnetic  circuit   mav  be  Air-gap  in 
studied   by   calculating  it  for  the  case  of  a  ring   split  b^  a  aMagnetio 
narrow  gap.    There  is  continuity  of  the  induction  in  the  iron     Circuit, 
and  in  the  air  on  the  two  sides  of  the  surface  of  separation,  and 
if  the  gap  be  narrow  very  few  even  of  the  lines  near  the  edges 
will  spread  out  laterally  before  again  entering  the  iron.      We 
may  take   therefore   the  total  cross-section  of    the  induction 
tubes  in  the  gap  as  equal  to  that  of  the  iron  ring.    Thus  taking 
the  total  induction   and  putting  x  for  the  width  of  the  gap  we 
get 

47rAV 


B 


and 


Ui + ') 


B 


(26) 


if  the  induction  B  be  taken  as  having  the  same  value  at  every 
point. 

If  X  were  zero  we  should  have 


B» 


47riV- 


(27) 
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into  eockete  in  the  end  faces  of  tbo  space,  and  the  a 
circuit  is  cojnpleted  by  the  musa  of  iron  bo  tbtt  do 
indnction  escape  into  the  mediaiu  outside  the  iron.  Thia 
it  due  to  Dr.  J.  Hopkinsoii,  who  haa  employed  it  in 
eipeTxincnts  oa  the  magnetic  properties  of  iron  rods. 
,       How    fiLr    endlessness   can  be  attained  in  thie  inj  o 
estimated    very    conveniently    by  meana  of  tlie  idu  1 
magnetic   circuit   referred   to   at   p.   281   above.    It  liuil 
ebown  that  tbe  integral  induction  across  a  surface  ci 
the  tubes  of  induction  ia 


) 


B 


4«jYy 


J^S 


when  di  ia  the  area  of  a  tube  of  induction  at  any  poiot  *l 
the  permeability  is  ii,  dt  an  element  of  distance  alon^  tbt  ti 
N  Ins  number  of  turns  of  wire  carrying  current  j,  and  " 
by  each  line,  nnd  6' tbe  ratio  of  firb  to  B'  I'be  num 
the  riglit  of  (23)  is  what  Bosanquet*  has  called  the:  „ 
motive  force  of  the  magnetic  circuit,  the  denomintlar  flfr 
magnetic  resistance  for  reluctance,  as  proposed  by  HeaTiuJel-t , 
In  tbe  specimen  rod,  if  ita  cross-section  is  S,  and  leogtli  i  Mn. 
have  front  (23)  ^ 


^- 


where  tlic  integral  in  tbo  denominator  refers  only  to  the  portiw 
of  the  circuit  formed  by  the  yoke  ;  the  first  lerm  is  obvioMly 
the  value  of  the  integral  for  the  sppcinien.  If  ne  consider  tlw 
iron  yoke  as  throughout  of  uniform  cross-section  S\  lengtli  ' 
and  uniform  permeability  /i  we  get 


Magnetic 

Ciicnitof 

Bar  and 

Yoke. 


B  = 


4!rAV 


m 


•  PhU.  Hag.  March,  1883. 

+  The  term  amptre-ium^  is  now  very  generally  employed  in 
cal  work  to  daaignate  lOJVy,  that  is  the  product  of  the  nnmbero 
and  the  current  in  amperes.  The  magnftornotive  force  is  U 
times  the  ampere  tnnw  given  by  the  magnetmug  coU. 
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Itod  Tlie  widtL  x  of  tbc  iiir-gap  is  tbtts  eqiiivalenl  to  ii  Icueili  K 

Eqnivu'  of  iron,  and  llierefore  cutting  out  a  slice  of  tliiokitein  t  ftiiDi  •* 
last  or  iron  circuit  ia  eijiiivslent  to  increasing  the  lengtli  o£  tlie  iii"' 
■•"^P-    circuit  by  an  oniount  (>»-  l)r. 

'  If  llii  may  be  token  ae  euiall  in  compariaon  wilJi  ^,  as  in  lli> 

cue  of  Bonis  forma  of  Blectromojnier,  notably  certntn  "!ii> 
surface  "  liorae-ahora  made  by  Dr.  Joule,  (27)  be>:oiu(* 


B  = 


4n.Vv 


Haximniii 

FUld 
jirodndble 


Tbia  by  tbe  continuity  ef   induction  i 


I    field    tiiteuil) 

between  the  polee,  and  gi-res  a  convenient  rule  for  ca  Icelaline 

""uitrM^n"  *''°  *'^''*  inteniity  between  tbe  poles  of  it  horae-alioe  elecO'  - 

Cloae  Pole  magnet  witli  dose   pole  faces  of  considerable   surfac  f,  and  ■ 

Paces  by    "^'ort  iron  circniL      It  shows  tbu  even  if  the  iron    «eK  cf 

Gfien      infinite  penneability  the  field  intenBity  dne  to  a  enmni  rcoutii 

Cuni-iil.     not  exceed  itsNyli,     The  iron  abonld  in  such  a  ca»e  a  a  tliis  !»■ 

considerHhly  below  hqIu  ration,  otlienvis*!  the  pemiesFiili  tr  iH'uW 

bf  low,  Htid  III"  reiislfince  of  Ibc  irmi  pirt  of  the  cirLn.it   yi'until.'. 

Dii  Dots  (Phil.  Mag.  Nov.  1890)  hns  compared  tbe   efTrctof 

nn  air-gap  wiib  Ibat  of  the  ends  of  an  ellipsoid.       Tbe  force 

operative  in  the  iron  is  nearly  uniform,  and  has  tbe  v  alue 


Effect  *> 

o(  Air'gap 

^th^Tt^  But  the  force  applied  by  tlie  c 

of  Ends  of 

Ellipsoid.  H|  = 

and  tberefure 

H-H,-4„v,     ' 


'  +  !"■' 


(1  +  Jj»V    I, 
(+(1  +4r.p( 

iipprosj'inatel}'.     But  tliie  gives 
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Comparing  this  with  the  case  of  an  ellipsoid  discussed  above 
we  see  that  ^x/l  takes  the  place  of  L^  and  that  therefore  the 
rine  with  air-gap  is  equivalent  to  an  ellipsoid  with  this  value 
of  L. 

it  is  clear  that  when  an  air-gap  is  made  in  a  ring  the  residual 
magnetism  must  be  much  less  than  when  the  ring  is  whole. 
For  if  Ir  be  the  intensity  of  tlie  residual  magnetism  at  any 
instant,  A  demagnetizing  force  is  operative  of  amount  4wxlr/L 

The  effect  of  a  ioint  on  lengthening  the  magnetic  circuit  is 
easily  estimated.  The  induction  produced  by  a  succession  of 
different  values  of  H  is  first  observed  so  that  a  curve  showing 
the  results  can  be  drawn,  then  a  joint  is  made,  and  the  forces 
again  applied  and  the  induction  observed.  Then  for  the 
uncut  bar 

B  _  4jrNy 


Effect  of 
Air-^p  in 
Dimmiflh- 

ing  Resi- 
dual 
Mag. 

netism. 

Effect  of 

Joint  on 

Maj|;netic 
Resistance 

of  Bar. 


when  the  bar  is  cut  we  have 


B'  __    47rA''y 


where  x  is  the  width  of  the  equivalent  air-gap      Thus 

B  ~  M  /  +  /^> 


or 


B'U      u) 


Width  of 
Air-gap 
equivalent 
to  Joint. 


(29) 


Thus  X  is  cxpresHcd  in  terms  of  the  inductions  produced  by 
the  same  magnetizing  force  H,  applied  by  the  current  This 
formula  is  well  adapted  for  finding  x  from  tables  of  results. 

An  equivalent  expression  in  terms  of  the  forces  applied  by 
the  coil  to  produce  the  same  induction,  when  the  bar  is  cut  and 
uncut,  is  more  convenient  when  the  value  of  x  is  to  be  obtained 
graphically.     When  the  bar  is  uncut 


B  ^  47r.Vy  ^ 


H, 
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B  _   4».Vy 


'l  +  l^ 


t^r 


^^/+*rf' 


Tbm  iW  value  of  r  U  (o  be  found  bj  Ikying  down  for  ()■ 

Mv  CM«s  cuTTM  with  indactioBS  a«  oniiaiifas  and  the  rakoi 

B  BapBedtiDc  lorcea  applied  b;  the  coil    »»  abacinc,  m1 

itg  the  diSereace  between  the  ofMciasK  for  vbidi  lb 


IMM 

i 

1 ' '  ^-J-====^ 

D 

,• 

^-'- 

MM 

"««* 

f     /^ 

1 

wdwlMwa  »r»  ih^  same.     This  gi  ves  (H,  —  H|)/B-  and  eo  ran 

W  ciJnkiMt  at  oon, 

rtmul        TtMfilllOTins  uw  results  obtainnl  by  Ewing  for  an  iron  bar 

nM«<    Mrttd  fiiM  (oIhI,  then   ftfler  hariii£  been  cut  into  parts  tbf 

ti»  ot  which  are  worked  iMv  true  planes  and  placed 

Ttg.  157  dhows   the  induction  curves  in   the  two 

1  bribe  dotted  curceiu  the  left  values  of  H^-Hfor 

I  ■f«'li»»«   nf  B.     The  values   of  x   are    give.'  in   the 

f  uWe :— 
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Width  of 

Induction  B. 

equivalent  air- 

iu  cms. 

4000 

•0026 

6000 

•0030 

8000 

•0031 

10000 

•0031 

12000 

•0036 

14000 

•0037 

It  will  be  noticed  that  the  dotted  curve  is  souiewhat  convex 
towards  the  axis  OY.  In  another  of  Swing's  ezperiments»  how- 
ever, this  curve  was  slightly  concave  to  OF,  so  that  it  seems 
likely  that  the  width  of  the  gap  is  in  general  nearly  independent 
of  the  valu  e  of  the  induction. 

It  was  found  in  these  experiments,  that  the  application  of  a 


Pressing 
Faces  of 
Joiuts 
together 
Reduces 
Resist- 
ance. 


lOOOO 


Wrought    iron    No.  1 


Residual 


Magnetizing  Force  H. 

A  10  20  X 

Fig.  1.58. 

force  of  226  kilogrammes  weight  per  sq.  cm.,  pressing  the  end 
faces  of  the  bar  at  the  joint  together,  even  annulled  its  effect 
completely  for  a  magnetizing  force  of  5  C.G.S.,  but  not  so 
perfe  ctly  when  the  magnetizing  forces  were  higher. 

Fig .  168  shows  some  of  the  results  obtained  by  Dr. 
Hopkinson  for  wrought  iron.  Only  a  part  of  the  curves, 
which    extended  to  magnetizing  forces  of  over  200  units,  is 


Hopkin- 

son's 
Experi- 
ments on 
"Wrought 
Iron. 
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given ;  bat  for  the  liiglier  forces  tlie  curves  onlj-  betrUM  iwt 
nearly  pamllel  to  the  axis  of  abacifsie.  Tti«  carre  nitrfctd  (ll 
•hows  the  indDCtion  increaaJDg  from  zero  witli  H  ;  tliit  muiri 
(2)  is  the  descending  curve  obtained  with  dimiDiahlns  vtlaw  »[ 
Q^j^  J  the  magnetizing  force.  The  diagram  shows  part  of  the  rewjlii 
J[~^  for  a  c.vclc  of  clianges  of  magnetieing  forces  sitmlu  U,  Uui 
^^„"  deacribecl  at  p.  21*2  ibove.  The  carves  below  tlie  ui*  0.\ 
lire  noi  given,  as  they  consist  very  neurlj'  of  a  repelition  uf  *i" 
curves  in  the  diagram,  obtained  by  turning  the  figure  round  th" 
Jiiis  or  and  Iben  round  OX  The  ma^Detizing  forr*  "i* 
gradually  increased  froiu  zero  (the  iron  being-  initialty  williMl 
magoetiiMition}  to  a  high  positive  value,  then  diminiiW 
throuffh  zero  to  a  considerable  negative  valuf,  aiul  fiuiDi 
increased  by  gradual  steps  to  as  largo  a  positive  value  aab«foft. 
The  curve  marked  (3)  is  that  given  after  the  second  piLU*r>  °' 
^^^^^  the  induotion  through  xero,  tliet  is  from  a  negative  to  a  poMtirr 
^^^^^  Value.  Curves  (1)  and  (3)  do  not  approach  one  another  quH' 
closely  fnr  llio  liigbest  magnetising  forces;  but  (3)  crosM-  i 
twice  at  ,1/and  A',  which  show  that  the  negative  insgnctiiiiK!. 
which  the  bar  had  received  rendered  it  more  difficult  !<■ 
rongnetize  po«itively  by  small  or  high  forces,  but  dislinctlj 
more  easily  magnetised  by  forces  of  intermediate  smouiit. 
This  hn«  frequently  been  noticed  both  with  iron  and  iletl. 
Curves  (2)  "mi  (3)  with  the  continuations  below  OX  and  lo  tli« 
left  of  Oi' however  form  n  nearly  closed  loop,  the  sren  of  wliicli 
is  roughly  ixOjfX  mnzimam  induction.  Areas -;-4ir  of  sdcIi 
cycles  fur  different  s&mples  of  iron  and  steel  are  giveji  in  the 
following  table.  They  represent,  as  we  shall  see  preeently,tbf 
energy  dissipated  in  heat  in  unit  volume  of  the  iron  during  tht 
cycle  of  magnetization. 


Cycles  for 

Different 
Ktaterinls. 


- 

-  — 

Wrought  Iron  (annealed) 

17347 

I335(: 

Grey  Cast  Iron  .... 

10131) 

13037 

Whitworth  Mild  Stee!- 

anneuled) 

4590:1 

40120 

oil-hardened) 

01898 

(J578B 

annealed) 

S053I 

42366 

oil-hardened) 

74371 

3y4ltl 

f 
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It  will  be  seen  tliat  tbe  iiiiiobers  ro  greater  for  the  liardened 
tlian  £or  tlie  annBaled  steel, 'and  m  li  greater  for  steel  llian  for 
wrought  iron.  Also  tlie  numben  the  second  calumn  are  all 
greuter  than  those  in  the  third,  except  in  the  case  of  the 
hardened  steel. 

The  descending  and  second  ascending  curve  show  that  the  Keleuti* 
inductidn  is  not  zero  when  the  raugaetizing  force  is  zero,  but 
h&9  a  value  05.  In  the  descending  curve  (2)  a  neg.tive  mag-  ' 
netizing  force  Oji  is  required  to  annul  tlie  induction,  and  in  the 
second  ascending  curve  a  positive  iiihgn eCizing  force  equal  in 
value  to  the  former  is  again  necesBary  to  reduce  the  induction 
to  zero.  Dr.  Hopkipson  calU  OB  (the  induction  which  remainit 
■Iter  gmdunl  reduction  of  the  magnetizing  force  to  zero  from  n 
large  value)  tiie  "  retentiveness,''  and  the  magnetizing  force  OJ, 
required  to  annul  the  induction,  the  "coercive  force"  of  the 
material. 

The  curve  marlced  residual  induction  was  ohtained  hy  apply- 
ing and  removing  the  magnetizing  forces  represented  by  the 
abscisste,  and  measuring  the  induction  nt  each  removal.  It  is 
supposed  by  Ewing,  chiefly  on  the  ground  of  the  smallneas  of  the 
residuitl  magnetism,  that  the  condition  of  endlessness  was  not  per- 
fectly attained.  In  this  case  the  curves  could  he  corrected  by 
shearing  Ihetn  to  the  left,  that  ia  by  measuring  the  magnetizing 
forces  from  e  line  inclined  to  the  axis  of  OY,  as  described 
above  (p.  724). 

The  following  are  results  of  an  experiment  of  Ewiiig's*  on  an 
iron  ring,  with  the  data  used  in  calculating  tlie  magnetizing  force 
and  induction  from  the  observations.  The  magnetizing  force  Iron  B 
WHS  increased  by  steps  from  a  zero  value  up  to  9'14  C.G.8., 
diminished  by  steps,  and  again  applied  in  tlie  same  way.  The 
ballistic  throw  for  each  step  wan  observed. 

Data  op  ArpAttATDs. 

Diam.  of  wire  "248  cm.  [  No.  of  tumi 

Mean    circumferencu   of    ring  '  coil  474. 

31  4  cms.  I  No.  of  turns 

Area  of  eavh  turn  of  eartL  in-  '  167. 

ductor  ISI6  e>i.  cms.  Deflection  of  battery  galvanc 

No,  of  lurna  in  earth  inductor  ■  meter    with    3     Daniell' 

10.  cells  and  6-85  ohms  resisl 

Earth's  vertical  force -34  Cti.S.  unce  362  divs. 

Enrih  inductor  reading  42'9. 


1  magnetizing 
induction  coi] 


*Fkil.  Tmm.  K.fi 


ir  itoffiutic  inrfiirtwn  in  Iron,  kc  p.  70. 


^'f. 


=  iSS9. 


TW  bbk  ^  d«  acxt  pape  ghes  Ac  obwrTcd  nmht,  n4 
Ae  fMKikiB*  dt^ced  frvK  ifcc^  ThelMitb  cabana  matnM 
HMer  tb«  SHB  «f  tbmt  Utrov  ud 
'ne  iodactioa  tiien  extstiiv  id 
irtia*>l  to  that  mm,  amd  wu 
/  tke  tm  BMih  JBBi  givea.  Asy  gradinl  cbangt 
hUap  Bfaccia  lie b(m  bctwMii  tbe  caeecasiTe  incniDMU of 
M  fKWWJcJ  so  cibc^  mttd  therefoR  does  nK  >mie>T  in  ibc 
•MCMM.  Tlw  fal  mJiction  in  tbr  esse  at  may  n.te  of  tfaid 
red*  BMy  fa^  as  ve  ihall  se«  below,  reiy  considerabl  j  in  eiM* 
tf  that  cdcitlalcd  fitMt  tlic  truis)«iit  corrent  defl'ectioBe,  id 
cn— cqnBKia  of  a  giaAtal  n»cp(n^  of  the  m&^netizatioD  in  tbr 
diiMlica  of  liM  nIaliTelj  mncb  larger  chuig«  which  ukai 
plac*  wbcn  tbc  spptM  m«gaetirtng  force  is  altcrMl. 
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Table  of  Results. 

Wote. — fly  /,  and  k  liave  been  calculated  from  B  and  H  by  the 
equations  /x  =  B/H,  «  =  (/x  -  l)/47r,  I  =  *cH. 


Ball. 

Oalv. 

Beadiog. 

H 

BalUstic 
Throw. 

Snm  of 
Throwtk 

B 

I 

fC 

5-3 

013 

1-1 

M 

26 

2-1 

10-2 

0-26 

M 

2-2 

53 

4-2 

120 

0-30 

0-5 

2-7 

65 

51 

16-0 

0-40 

0-8 

3-5 

84 

6-7 

21 

0-53 

1 

4-5 

107 

8-6 

28 

0  71 

2-1 

6-6 

158 

12-5 

37 

0-93 

2-9 

9-5 

227 

180 

52 

1-31 

3-9 

13-4 

3-20 

25-4 

19 

67 

1-69 

9-2 

22-6 

540 

42-9 

25 

75 

1-89 

6-9 

29-5 

705 

56-0 

30 

110 

2-78 

77-5 

1070 

2560 

203 

73 

133 

3-36 

78-7 

185-7 

4440 

353 

105 

159 

401 

82 

267-7 

6400 

509 

127 

196 

4-95 

9  -5 

359-2 

8580 

683 

138 

232 

5-86 

57 

416-2 

9940 

791 

135 

285 

7-20 

57 

4732 

11300 

899 

125 

321 

8-10 

23-5 

496-2 

11870 

944 

116 

362 

9-4 

24 

520-7 

12440 

989 

108 

310 

7-83 

-  4-4 

516-3 

12330 

981 

246 

6-21 

-  6-7 

509-6 

12170 

968 

188 

4-75 

-  7-1 

502-5 

12000 

955 

107 

2-70 

-14-0 

488-5 

11670 

929 

0 

0 

-33  2 

455-3 

10880 

866 

110 

2-78 

15 

470-3 

11240 

894 

196 

4-95 

14-2 

484-5 

11670 

921 

246 

6-21 

11-9 

496-4 

11860 

943 

317 

800 

14-5 

510-9 

12170 

971 

362 

9-14 

10 

520-9 

12440 

990 

Final 
Results  ot 
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Experi- 
ments. 
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A*  just  &:ate.i,  tiie  ii.ulisdc  metito  i  from  its  very  naliire,  t 
cf  takv  v.o  acc-urit  of  sl'W  o  hunges  of  magnetization,  such  as, in! 
I. a*e  •;!  r.-ds  of  any  considerable  thickness,  arc  found  logo 
for  s  '\i\'2  :i:;.?  aftvr  the  mvignetizing  force  has  been  ching 
For  :':.:s  rea<..n  t:*e  mai^net^nieter  method  is  to  be  prefen 
[v.  L.ir.y  cases,  if  it  i?  poss  ibie  to  apply  it.  Of  coursefnranci 
ziT.i:<  ai:  i  <: e ?ir»Hn"«  s.^:  in  y.ikes  of  soft  iron  so  as  tu  p 
arr-roxiiiiate -r-r.'He^sness  the  ba'li-^tic  method  is  the  onh  t 
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tlie  eortti.  For  tliie  purpoxe  the  bar  may  be  fixed  in 
t  Mid  WQst  diraclion,  iu  a  iiorizuiititl  line  ibrougli  t)ie 
of  the  needle,  or  preferably  iu  a  vertical  position  in  the 
>al  plane  pusBing  through  the  centre  oF  the  needle,  at  right 
« to  the  magnetic  nieridian.  This  poaition  is  tlie  more 
it  aa  it  enables,  if  necessary,  atress  of  measured  amount 
f  applied  to  the  bar.ar  wire  ;  it  also  renders  the  actioD  of 
nrlher  end  of  the  bar  or  rorl  relatively  unimportant.  It 
i  however  the  application  1  ' 
:al  magnetic  force,  which  iiiiis 
ml,  or  carefully  aompenanted, 
e  coil  itaelf  produces,  when  a  c 
Bt  effect  on  the  needle,  but  this  ci 


Beompeusating  cuU,  in  u 
■Vd  that  when  the  needle  : 
Bcoils  it  IB  nut  deflected. 


irretit  in  flowing  in  it,  a 
n  he  neutralized  hy  means 

on  by  the  current  in  the 

The  compeiiaating  coil  may  he  a 

r  more  tiirna  of  wire  placed  like  a  tangent  gaJva- 

a  the  plane  of  (he  magnetio   nieridian   with  the 

e  of  the  needle  at  a  point  on  its  aiia,  or  it  may  be  a  Hole- 

I  placed  horizontally  at  right  angles  to  the  mnguetic  meti- 

"     a  lino  through  the  centre  of  the  needle,  or  in  the 

n  of  Fig.  13',  p.  74  iibove. 

ions  between  the  eoilB  iiiid  with  tiie  buttery  &i: 
iiiiiHt  all  be  made  with  wsll-insulrtted  wire,  closely  twisted  to- 
gether to  prevent  direct  action  of  the  conneclionson  the  needle, 
and  for  this  reason  no  open  loop  must  be  permitted  to  exist  on  the 
conducting  wires  neiir  enough  the  needle  to  nffoct  it.  For  ei- 
uiuple,  if  the  current  goes  in  at  one  end  of  the  magnetizing 
-i.ilunoid,  the  wire  should  be  led  close  along  the  solenoid  from 
nu;  end  to  the  other,  then  the  two  wires  twisted  together  for  a 
-uifiiient  ilistance  from  the  magnetometer. 

We  shull  suppose  that  H,  the  horizontal  magnetic  force  at  the 
needle,  is  known.  It  can  in  any  case  be  obtained  approiinialely 
enoiigli  by  experiment  either  in  tlie  manner  described  above,  or 
if  ff  Is  known  ut  another  place  it  inuy  be  obtained  at  tlio  place 
of  experiment  by  ohBeiving  ihe  period  of  free  vibration 
of  a  ne'edle  at  tlie  two  places.  Thus  if  H  be  the  required  value, 
and  //'  the  known  value  at  Hie  other  place,  7",  J*,  the  correspond- 
ing periods 


Prtventi 
DiKQt 


T* 


u- 


(31) 


Or  ii  ring  of  one  or  more  turns  of  wire  may  be  set  up  i 

tuagnetic  meridian  with  the  needle  at  its  centre,  or  on  its 

"  .  TOI-  II.  3  Jt 
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«nd  «  riirrent,  the  absolute  value  of  which  is 
IriiUsis,  or  from  mensurement  by  nn  nbsuh 
wnt^lliroiipL  it,  an.l  the  iii.%'netauieter  deflecl 
If  (;  be  tbo  t'iilv-aniimeter  constMit  uf  the  coil, 
we  h,ive  y  =  tf  Ian  $-G,  oru 


lliifoiiip^'iisntiiiK.irciilarcoil  he  iiPe.i  it  r 
f..r  llii^  t.iiri".se  bI«.>.  Th-  value  r.f  G  ma' 
nirii!i:ini;g  ihe  elpression  Gy  roa  0  fur  the  ciii'i 
prodiu-pil  by  the  curr.'iit  with  thnt  on  thf  rii;lj 

tlimiua-  Tlii»  vernVnl  I'mnpnlient  of  the  enrth'n  xnnnn 
lienor  »ll..«-...i  for  ;  or  it  iimv  h,»  r>ernian(.-.itly  elii.iin 
F.srth'»     ii   ia>i-   of  «■,,,.  ,„,   il...   -..,.|,.  (d.  n.n,\   c-mni-L' 


.■».!. -■it'hi!v",-krrth,nnii,;'pr.;..-,]i,i_,.     Th... 

hv^i'>!-",'"rri'M.'  if'l'iir!lmu-im'-nt'N'  ',?J  'J, 
v'luvim   vt' ■i.in,'ni--tii'.:iii...ii  in  .'lie   .lir.-.-idn    ,„■ 

rh>,.ry..f   '''S'.;v,i>iiiVl'i.i«-lli<'>''f';''>"^  t'"-  ■■■'>'■    T-i    Li. 


^^...^■M  a..ii-v,viy.f^ii.;;;;-;|;, ,1;  p-''-;;:^, 
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wire   fri>m   tlie   level  of  the  ueuillc   la  tLe  lower  end  by /,  tlie              H 
•  li^tHDCe  of   the  bar  from  the   needle  by   x,   the   intensity  of              H 
lainK-netixation  (thnt  is,  the  iiingnetic  muiiienC  per  iitiil  of  vulume)              fl 
t>y  I,  anJ  the  cross-soction  of  the  bar  by  a,  the  tot;tl  horizontal             V 
force  nt  the  needle  produced  by  the  bar  h                                                ^ 

,   (1              J--       1      1"),             ^'1                        adm\ 

U'      {i^  +  PjU      ..M        C-^  +  Pjlf*                      ktionof 

Intensitj 

Tli.m  f-,r  equilibrium  of  the  needlp                                                   „«Sb 

If  /  be  gront  in  comparison  with  r  we  mnj-  lukc  ii  Uml 

I  =  ^Hi-.Me (34) 

Wrma  I  »f  course  B  citn  iit  oJict:  ht  found  by  the  ti|uatioD 

B  =  H  +  4,rl. 

I'liurde  for  H  "">st  be  taken  the  magueliaing  force  apjilied  by                M 
1  coil,  together  with  if  necBBsary  a  correction  for  the  effect 
the  eiid«  (see  p.  722  above]. 

Hie  permeability  of  n  specimen  of  iron  is  obtained  at  once  by     Deier- 
culatm;;  the  ratio  B/H.     Thus  it  is  nHinerioully  equal  to  the    miMtiou 
^ntof  the  inclinalion   of  the   curve  of  induction   at   each  otPermas 
int  to  the  axis  of  ahaciasK.     It  is  clear,   from  the  example    jf„/- 
mn,  that  for  low  magnetizing  foroes  the  permeability  is  small    sj!!^' ° 

Inore«e?8,   then   more    slowly,    then    diniinialieB,    and    finally  i.  Oflron. 
1   wproncheH  lero  for  very  high  magnetizing  forces. 

■  Thnl  the  permenbility  of  aleol,  nickel, and  cobalt  isdiminiahod       2- Of 

■  was  observed  in  LonI   Kelvin's  ejperimenta  aboTe  referred   lo.     ^o"*"- 
f    The  |wrroe»bility  of  unft  iron  it  whs  found  wiu*  iiioreased  by  the 

'                                                                               3  B  2 
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applioaiion  ,>f  elon^Mtinor  ^.tres^s  so  loiiir  as  the  magnet 
lorce  was  below  a  oerlaiii  vaiue.  At  iirst  th^  efftvt  o: 
stress  on  the  inagneti7.atioa  inore  ;se.i  with  the  inngnet 
force  to  a  maximum,  iht-n  feil  off,  imi  linaily  l»e;ame2eru« 
certain  magnetizinu:  fv^rce,  depemiinsr  on  tiic  amuuiit  of  s 
thereafter  chaiiginj;  sign.  This  phenomenon  hud  prei. 
been  obstrve.i  for  soft  iron  by  Villari,  and  hence  th^  ma 
tizin^^  loroe  for  which  the  efft-cl  of  sir.ss  was  zero  was  c 
the  Viilari  rrUicnl  ralue^ 

Pressure  appHeil  to  ilie  interior  surface  of  an  irun  tub* 
iron  iTun-barrel),  in  tulier  uunis  stretching  lorce  r.n:i:d  ^ 
cross-section  of  the  tube,  produced  thf  opposite  €  tree  t,  d 
'liminished  the  miirneti/atiou  whie  th-.'  nia.icnt-tjzinir  iov.r 
under  a  certain  v  i.u..-  and  incre.i5ed  it  wiien  tlse  ni;i;rri't; 
force  was  alcove  th.t  vahio.  ^ 

In  connection   with  effects  of  str-.ss   ir   in  iv  b..- nurioiii 
that    nie-.-h.iiiic.il    vit>rali'.»n     h  .s     »    nor  i hie    eff».vr    in    .li- 
ma^intii'  .•:.r-t>  in   ^ofl   ir-r.    .ii.-i    to    .    h.--s  i-.-rr  ••  i-.  - 
ni.'krl,  A:..\     A  -^:i.--.-.  s-ioti  v-f   .v.  '.'.■  .■•j.-'is  .:n.i  rT'in.-v  .;>  ■  f  ?: 
w.ro  !.•:;?. d  i:.  I.   r.i  Iv-M::'-'  <-x;  •.^r.:u.-::r^  :>,  h..  vt-r\ 

:i.  .:«'r;  .i    i  . 
■  ■    I  ■-.!-:!.■  T  /  -i  ■ 
■■'•  i^    i:!ii  ■:    " 


i'liriui:^.;  ..  n;--    ■  r  l-i:"   i-l    ii.  ::j:i-'i 


i: 
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indaction  coils  consisted  of  one  or  two  layers  and  was  wrapped 
round  the  neck,  the  other  was  separated  from  the  former  by  an 
annular  space  which  enabled  the  intensity  of  the  field  close  to 
the  neck  to  be  estimated  from  the  difference  between  the 
inductions  through  the  two  coils.  rni^  ^ 

To  find  the  action  of  the  conical  pole-faces  consider  a  ring  of  Action  of 
either  pole-face  at  distance  x  from  the  vertex,  of  radius  r,  and  Conical 
breadth  dr  parallel  to  the  radius.  Tho  magnetic  distribution  in 
the  ring  is  2irlrdr,  The  force  which  this  produces  parallel  to 
the  axis  is  2nlrzJr  /(ar^+r^i.  If  we  call  this  dF,  we  know  that 
it  is  a  maximum  when  d(dF)/dx  is  zero,  r  being  taken  constant 
since  the  diameter  of  the  pole-pieces  is  fixed.  The  condition 
is  2^:*=/^,  or  if  ^  be  the  semi- vertical  angle  of  the  cone, 
tan  ^=  ^2,  and  ^=54°  44'. 

The  whole  force  produced  can  be  calculated  by  integrating 
d^  over  the  pole-faces  Let  a  be  the  radius  of  the  neck,  6  the 
maximum  radius  of  either  pole-face,  we  have  supposing  each 
pole  magnetized  to  constant  intensity  I 


Pole- 
pieces. 


h  b 

xrdr  47rl  C      rdr 


^3  J   ■r^  +  r' 
a 


^  Snl  fdr  ^  Sid  j^     d 
aJliJ  r       'A  J  9,       *a 


3V3 


(36) 


since  ;r*  =  r2/*. 

Taking  I  as  1700,  the  saturation  value  nearly  for  wrought  iron, 
we  get 

/'=  11-13 1  logjo- =  18920  logio-     .     .     .     (36) 

a  a 

Experiments  were  made  with  this  arrangement  and  also  with  Results  of 

cones  of  semi- vertical  angle  B  =  tan-i  ^/|  or  ^  =  39°  14'  which  Experi- 

were  chosen  as  giving  the  most  uniform  3aeld  about  the  axis  on  ™c^*«  by 

the  supposition  of  saturation  of  the  pole-pieces  everywhere.  if  fS^ 

In  the  first  case  with  a  neck  of  -266  mm.  diameter  the  following  ^l®*^^'^*- 
were  the  results : — 
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45,350 
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Theee  «pcrinjentfi  were  institaled  to  teat  whether  the  in 
iB»r  of  ra.gii««.tJon  really  .tUined  a  nmximum  .ni  lh«» 
dnunuhe.!  ns  the  mignetix.ng  force  wm,  pushed  to  hiehw 
higher  vilues.  According  to  the  Amperean  theory  of  mw 
^  ubon  ihc  magnetic  molecules  ftre  suppoaed  to  ho  ■Mil 
A»ptn-«  dncting  circuits  cnrryiiig  eurrentfl.  After  theee  have  u  6 
Tt-orr.  possible  been  turned  into  a  eommoo  diiect  on  by  the  ucticx 
the  mngneliimg  force,  fi.rthr  increase  of  tlio  field-iotei 
ouglit  to  have  the  effect  of  dimmiBhiag  the  tntensily  of  um, 
tiulion  by  induciive  rfiminutioii  of  the  molecular  cniti 
T1iH»,  as  Maiwell  htus  remiirked,*  "  If  it  should  ever  he  eii 
meauliy  proved  that  the  teiiiporiiry  magnetization  of 
auhslance  first  increases  and  then  dimiuishcH  as  the  magnetj 
force  is  conlinutllv  increased,  the  evidence  of  the  eiiaienc- 
these  molecular  eurrenls  would,  I  think,  be  raised  aliuuet  to 
rank  of  a  demoiwtralion," 

No  auch  dimioDtion  of  intensity  of  magnetizution  is  Eh< 
b.T  Uie  eii^rimenh  quottti,  or  by  others  by  the  same  mel 
made  on  at«*l,  nick*l,  and  colmlt ;  ""  *be  contrary  nearly 
intensily  of  mafnetisation  is  renche'l   «ilh  eo  ii. para  live  1> 
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Ignetizing  toruea,  niid  a  teafuld  iiicrcnse  after  tliat  gives  prac- 
Elytl-eBBinevaluefwI. 

e  coDclitsiona  a^ree  witli  tlione  of  Du  Boib'*  miide  by  sii 
IU8  opliciil  iiicthcid,  in  which  the  elliptic  pokrizatjon, 
iduced  by  the  refleotiun  of  plane  polarized  light  from  the 
Ijahed  pole  of  an  elect romngn at,  was  used  to  luensure  tbe 
naity  of  mngneti/ation.  Du  Bois  lirat  determioed  t  by 
_  iriruents  on  plane  pulimKed  light  iocident  on  emnli  rellectiiig 
Jnes  ground  in  varioux  puBitiunn  on  uvoids  (iirolute  ellipBoida 
■revolution)  of  different  materialM,  ooiiipriHing  iron,  sieel, 
■tel,  cubiilt,  und  miiKnetio  (magnetite  oxide  of  irou),  tbe 
jneral  htw  whit-h  Kerr's  phenomenon  followed. 

ckel  conliiined  traces  of  iron  and  copper,  tbe  eoball 
'  93-1  per  cent,  cobalt,  5-8  per  cent,  nickel,  -8  per  cent,  iron  and  -S 
per  cent,  copper.  The  ovoida  wore  magnetized  in  a  coll  30  cidh, 
lung,  4  cms.  in  inner  nnd  12  cms.  in  onter  ditmicler,  and 
coiiipOBed  of  twelve  layers  of  90  turns  each  of  double  cotton- 
covered  copper  wire,  further  inaulated  with  aliellac.  The  wire 
Whs  }  cm.  in  diameter  and  the  reslBtance  of  tbe  coil  when  cold 
was  "9  ohiri.  It  wna  possible  to  surrouud  tbe  coil  wttli  an  ice 
jacket  to  beep  down  its  temperature. 

The  ovnids  themselves  could  be  maintFiined  at  0°  or  100"  hy 
an  ice  or  atearii  Jacket  inside  the  magnetizing  solenoid. 

In  the  windin);  of  the  coil  small  tubes  '7  cm.  in  diameter 
were  fixed  lo  allow  the  polinhed  plan 
on  the  ovoids  l"  be  viewed  from  the 
did  not  produce  any  senaible  alterati 
li,.ld. 

Tbo  intensity  of  the  field,  H,  was  determined  in  the 
uaiial  nianner  from  the  strength  of  the  current,  which  was 
measured  by  means  of  an  amperemeter.  A  demagnetizing  force 
of  '52 1  was  allowed  for  in   the  reckoning  of  H.     (See  p.  723 

In  nil  tbe  ezpetiments  the  light  was  incident  normally  on  tbe 
mllecting  surface,  and  tbe  quantity  measured  was  tbe  angle 
hetweenlhe  major  axis  of  the  vibrational  ellipse  after  reflection, 
and  the  direction  of  vibration  in  thu  unreflected  ray,  or  what  is 
ciimiiionly  but  rather  incorrectly  natned  the  rotation  of  the 
plune  of  polariKalion  produced  by  tbe  reflection.  It  was  found 
that  if  A'  be  a  constant  (called  Kerr's  constant  by  Du  Bois),  and 
fi  the  angle  between  the  normal  to  the  surfai^e  and  the  direction 
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Tie  minus  signs  indicalB  that  Hie  direclion   of  rotation 
opposite  to  tliBt  in  which  n  right-handed  scre.w  would  hiT 
to  oe  tamed  ao  as  to  xdvaDce  along]  the  direction  o 
zation.      The   value   of   A'  wbh   found   to   be  hardly  i 
ftffected  by  change  of  temperature. 

To  obtain  results  for  very  inlense  fields  emnll  disks  were 
turned  out  of  the  meteriais  alrendy  specified,  and  poliibed  on 
one  face.  Each  of  these  when  einmined  was  hxed  with  llit 
polished  face  outwards  to  the  conical  point  P,  (Fig,  160)  of  ont 
pole  of  a  Ruhmkorff  elect ro-nia^neL  A  beam  of  plane  pulir- 
ized  light  was  made  normally  incident  on  the  mirror,  througli 
the  axial  perforation  in  the  opposite  pole-piece,  and  «t»* 
examined  before  and  after  reflection  by  optical  apparatus 
placed  as  indicated  in  the  figure.  The  pole  point  and  the 
mirror  specimen,  Jf,  could  be  kept  nearly  at  100"  bymeaosof  h 
steam  jacket  /,  /. 

The  intensity  of  inagnetiiotion,  I,  waa  calculated  from  the 
results  of  observation  by  mesne  of  the  values  of  Ken's 
constant  previously  found.    The  field  inei.s.jjj  at   tlie   mirror 

was  found  by  pl'^wg  »Kl«»P'lt^'^'5fr'„?."  *''t.'''''^■^ 
close  in  front  of  the  mirror,  and  ob«rving  the  u.agnel.c  rota- 


OPTICAL  METHOD  FOR  INTENSE  FIELDS 

>n  due  to  the  double  paBsage  of  the  light  through  it.  Tlir 
■BB  plnteh-id  heeUBlandnrdized  by  coitipariHon  with  bisulphide 
carbon,  from  which  Verdol's  cotislBiit  (nee  p,  765  below)  in 
curately  known.  Tlie  imigiietlc  lotiitJon  experienced  by  the 
7  in  itfi  pannnge  in  tiio  air  from  iind  to  the  optical  ■pparatiin 
aa  determined  and  allowed  for. 

The  value  of  the  field  intcuBily  H  outside  the  specimen  wan 
course  by  tlie  continuity  of  magnetic  induction  precisely 


iial  to  the  induction  inside  the  Bpeeimen,     Thus  the  mi^nc- 
ing  force  H  within  the  specimen  was  foimd  by  llie  relation 

B  =  H'  =  H  +  4^1, 
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Du  Bois"  rMulU  for  niokol  and  eoballareeivenin  thefoUmfiJ 
inft   table,  and  illustmed  for  iron  and  steel  in  Fig.  161.    Tlld 

per  gramme  of  the  mBlerial,  and  reijuire  simply  multipiiciluifl 
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iron   arc  nearly  constant.      Hih  results  are  expressed  by  the 
equations 


.  =  14-5+    llOHj (3^j 


/i  =    183  +  1382  H 

which  hold  for  values  of  H  from  -0158  to  '384. 
Tliese  give 

I  =  14-5H+    110  HM  .^. 

B=   182  H+ 1382  HM ^^     ^^>^ 

a  parabolic  relation   which  holds  for  many  pairs  of  mutually 
varying  physical  quantities  when  the  limits  are  narrow  enough. 

Loid  Kayleigli  arranged  an  unannetiled  iron  wire  for  test  by       Lord 
the  magnetometric  method,   and  compensated  by  means  of  a  Rayleigh's 
coil  the  total  action  on  the  needle  when  the  magnetizing  force     i^^cperi- 
was  '04  C.G.S.     It  was  found  then  that  when  the  magnetizing     ™«nt«* 
force  was  brought  down  gradually  to  '00004  C.G.S.  the  com- 
pensation remained  perfect.    This  proved  that  the  magnetiza- 
tion was  proportional  to  the  magnetizing  force  throughout  the 
whole  range  of  variation.     For  magnetizing  forces  above  '04 
the  proportionality  did  not  hold,  and  up  to  the  value  1*2  C.G.S. 
for  H  the  results  were  expressed  by 

M=  81-h  64H/ (^^^ 

from  which  I  and  B  can  be  found  as  before. 

Similar  results  were  obtained  for  nickel  and  steel. 

With  unannealed  iron  or  steel  Lord  Rayleigh  found  that  if  Magnetic 
balance  was  obtained  with  the  compensating  coil  at  the  nioment    Viscosity 
of  closing  the  battery  current  no  disturbance  of  the  compensa-     in  An- 
tion  took  place  afterwards.     This  showed  that  these  subntances     nealed 
took  their  complete  magnetization  at  once.     When  the  iron  was       ^^°'*« 
soft  however  an  apparent  magnetic  viscosity  displayed  itself. 
When  the  instantaneous  effect  was  reduced  to  zero  the  needles, 
after  the  putting  down  of  the  key,  drifted  round  in  the  direction 
showing  an  increase  of  magnetization. 

This  result  was  studied  by  Ewing  in  some  further  experi-    Magnetic 
ments,  which  showed  that  a  piece  of  iron  could  be  put  through    Cycle  due 
a  complete  cycle  by  first  "pplyin>;  the  current  and  then  after  a     to  Yia- 
minute  removing  it.     A  force  of  '044  C.G.S.  applied  gave  an     cosity. 
instantaneous  value  of  I  =  44,  after  five  seconds  I  had  become 
'68,  and  after  sixty  seconds   67.     Kemoval  of  the  force  gave  at 
once  a  diminution  of  I  by  '44,  after  five  seconds  the  remaining 
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BKBBQY  DISSIPATED  IN  MAGNETIC  CVCLE3 

It  is  iateresting  to  apply  this  result  to  an  actuitl  ciir 
magnetizatioD  in  iron  (Fig.  103).  Fur  all  points  on  tlie 
np  to  a  little  dietance  beyond  P,  the  total  energy  given  t 


loeilium  in  producing  t)ie  orreBpoiiding  inagneti^tntion  exceeds 
the  electrokinetic  eaergy,  but  for  all  points  further  from  the 
origin  the  electrokinetic  energy  exceeds,  and  for  points  on  the 
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upper  flat  part  of  the  curve  very  greully  exceeds,  the  energj- 
given  out  to  the  medium  by  the  buttery.  [The  point  P  at 
which  OP  is  a  tangent  to  the  curve  markR  the  point  at  which 


DISSIPATED  in  HAQNETIC  CTCLE8 

The  smftDer  loopH  were  formed  by  diminiihing  to  lero  nnd 
rai4>pl^ng  the  niBgnetiiiing  forces  indicated  ut  the  different 
pluses. 

Fip.  166  gtv»a  a  cycle  for  an  anne&lcd  iron  wire  of  length 
400  tiroea  the  diameter,  and  Fig.  166  a  cycle  for  a  wire  of 
anneKled  ateAl.  It  will  be  noticed  that  the  curve  is  of  much 
greater  area  in  the  latter  ctiee  than  in  the  former. 
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HiQ   for  the   double 


FigB.  164, 165,  ia  about  10,000  erga  per  cubic  cm.     As  there  are 
nbout  T"?  grammen  of  iron  in  a  cuhic  cm.,  this  niiiount  of  energy, 


1 1  M  the  •p«ciiic  hea 


j|,fc  ^         Thtr  rtto  ftt  which  work  ii  spent  in  rangnetic  hysteresw  in  t 
p-,^j.i.      Ion  irf  iron,  when  the  number  of  cycles  or  double  rerers«li  ti 
uoo  ol     100  pi>r  second,  ia  according  to  lliese  fipurea  nparly  18  btoft 
Ebtt^  in  i»ower. 

Hjsccn:^      The  work  apflnt  in  hysteresis  is  miicli  preiitc r  in  steel  than  in 
iron,   and   is   grenter  for  hiirJ   than  for  anneak'd    steel,     ff 


KXKRnV  DlSSir.\TE[l  IN  MAONKTIC  L'YCLKS 

reversala  of  strong  iiingtielizBiiuii  ic  is,  ns  wti  have  seen 
at  p.  732  above,  nppruiiiiiately  4x  coercive  force  X  intenaity 
of  magnetization.  The  amount  varies,  according  to  the  table  of 
Dr.  Hopkinaon'a  resultH  given  above  (p.  732),  from  about  17,000 
•RfH  per  cycle  for  wrought  iron  to  74,000  ergs  per  cycle  for 
mild  Hteel  hardened  with  oil,  and  increaaes,  other  things  being 
tqn&l,  with  the  percentage  of  carbon  in  the  steel. 

In  chrome  steel,  oil-hardened,  Hopkinson  found  that  169,000 
ng»  were  dissipated  per  cycle  per  cubic  cm.  of  the  material. 
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and  for  French  tungsten  ateel.  oil-hardened,  as  much  as  nearly 
217,000  ergs  per  cubic  cm.  It  was  found  by  Swing  that  for 
•mall  ranges  of  induction  the  waste  of  energy  is  much  less  than 
for  Inner  ranges.  High  inductions  ought  therefore  to  be 
avoideain  alternating  dynamos  and  tntnaformera. 

A  conriderable  amount  of  attention  has  recently  been  directed  Hyatsnd 
to  the  question  of  the  amount  of  energy  dissipated  in  cycles  of  in  C^eln 
magnetiEation   performed   at   different   speeds.     Experimental         of 
reaalta  on  this  point  obtained  by  Ewtng  and  others  are  quoted    Diffenml 
at  p.  68S  above.    Recently  the  subject  has  been  investigated  by  ^reqoana: 

vol..  u.  8  c 
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ror  the  points  JO,  B,  were  proportiaio' 
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EKEHGV  DISSIPATKD  IN  RAPID  MAGNETIC  CYCLES 


it  proportional  to  if,  y, 
gained.  Of  course  ttie 
onco  by  plotting  the 
rises  na  J,  (ind   then 


diminishing  the  reiiclings  by  un  amo 
rubers  proportional  to  dNjdl  were  c 
lues  of  fl,y,  could  be  aublracted  c 
rani  reidingg  in  a  curve  to  the  sati 

>rtening  the  ordinates  by  lengtliB  equal  to  the  correapondine 
rdinatea  of  A  each  mulliplied  by  B-JR.  The  values  of  rfiV/A 
ere  plotted  in  a  second  curve  B,  alongside  A. 
The  urea  hetween  any  ordinate  of  B,  iho  axia  of  abaciBB^,  and 
portion  of  the  curve  lying  between  the  point  of  croaaing  the 
Uis  of  abscisste  and  the  ordinnte  was  therefore  proportional  lo 
le  total  induction  through  the  iron  at  the  instant  corresponding 
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the  ordinate.     This  wan  plotted  ns  a  third  cnrve  C.    From 
is  the  byatereais  cycle  was  obtained,  and  was  plotted  on  the 

[The  total  period  was  8/1000  of  a  second  repreaented  by  the 
''''  'ength'of  each  Figure  along  the  line   of  abscissK.     The 
'  will  have  no  difficulty  in  completing  a  full  period  of  the 
1  A,  3.    It  will    be    noticed  that  neither  is  even    ap- 
I      pro«imHtely  a  simple  curve  of  ainea;  also  that,  as  it  ought,  tne 
cnrre  3  cuts  the  axis  of  absciasn  at  the  maxima  of  A.^ 

Pigs.  168, 169  give  the  reaultB  for  soft  iron  and  hard  steel  at  the 
freqiiency  125,  and  between  the  tnaximum  positive  and  negative 


MAGNETIC  MEASUREMEKT3 


I 


iadnctioiiB  sliown.  It  will  be  noticed  that  tlie  «xtKme  ralat* 
of  tbe  induction  agree  in  tlie  two  casen,  but  ibat  tlie  Blow  cum 
falls  witiiin  the  other  exi^ept  for  a  abort  dista&c^e  afl«i  th< 
maiimum  positive  or  negative  iadiictioti  has  been  re*cht-d  u: 
tbe  return  curve  begun. 

Tbe  area  of  tbe  curve  in  thus  greater  for  tbe  rapid  than  i-  • 
the  alow  cycles,  but  there  is  no  ragn  of  magnetic  viKuii; 
rendering   the   extreme   iuductioos    reached    difierect   in  <•' 

I  Mewra.  Everehed  and  Vignoles  however  have  found  iLs 
ffhen  a  cycle  is  performed  very  slowly  there  is  a  ptrwpdlJ 

■  "creeping"  of  the  magnetism  in  the  steep  part  of  the  cun 
which  is  sufficient  to  account  for  tlie  effect  observed  I; 
Messrs.  Hopkinson.     In  an  elaborate  series  of  esperiment*  ■>■ 
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loc.  rt(.)  they  measured  the  rise  of  temperature  productd  I 
putting  the  iron  core  of  a  transformer  through  a  aeriea  of  n 
cycles,  and  having  determinod  by  direct  experiment  the  ther 
capacity  of  the  transformer,  thence  deduced  iJie  amount  of  h. 
generated  in  the  iron  in  consequence  of  hysteresis.  Thiswaalb. 
compared  with  the  boat  which  would  have  been  produced  if  ll" 
iroQ  hod  been  put  through  its  cyele  in  about  two  seconcli, »!>! 
which  was  estimnud  from  slow  cycle  obserBalione,  tog«ii>E 
with  the  (muchimalier)  calculated  amount  of  heat  produaed  I 
eddy  currents  circulating  in  the  laminated  inw  of  iVe  core. 


ENERGY  DISSIPATED  IN  RAPID  CYCLES 

The  cycle  ezperimente  were  made  in  the  followiDg  manner^ 
which  brought  to  light  the  creeping  above  referred  to.  The 
ring  of  iron  to  be  experimented  on  was  wound  with  two 
magnetizing  coils  superimposed.  A  constant  magnetising 
earrent  sufficient  to  produce  the  extreme  negative  induction  was 
maintained  in  one  of  these,  so  that  by  simply  making  and 
breaking  the  other  circuit,  tiiereby  starting  and  stopping  an 
opposite  current  of  any  chosen  amount,  a  rapid  magnetic  cycle 
could  be  obtained  passing  from  and  returning  to  the  induction 
proper  to  the  constant  current. 

Supposing  it  was  desired  to  obtain  a  point  on  the  part  of  the 
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Fig.  170. 


curve  rising  from  the  extreme  negative  induction,  it  was  only 
necessary  to  apply  the  proper  positive  current  and  read  off  the 
change  of  induction  on  the  ballistic  galvanometer.  This 
subtracted  from  the  original  value  of  the  induction  gave  the 
induction  remaining.  The  time  necessary  to  do  this  was  about 
i  of  the  period  of  the  needle,  or  nearly  a  second.  On  the  other 
hand  to  obtain  a  point  in  the  falling  curve  it  was  necessary  to 
apply  the  maximum  positive  current,  and  then  diminish  to 
the  value  required.  For  this  a  longer  time,  about  half  a  minute, 
was  necessary. 


MAGNETIC  MEASUREMENTS 

in  DD,  ftnd  reeisted  by  ihu  teasion  of  the  wire. 
vertical  displacement  proportional  to  tlie  iaduclii 
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anu-le'r. 
Hognetii: 

Tinwer. 


A  ray  of  light  reSected  from  the  inirror  therefore  tncM 
icreon  a  curve  of  mngne ligation,  and  if  a  cycle  o 
tion  is  repeatedly  produced  bj  nu  altemAting 
correBponding  closed  loup  in  described  on  the  » 
spot  of  light,  and  by  tlie  peraislence  of  inipreasiona  on 
retina  remains  visible  so  long  as  the  cycle  is  described.  It 
therefore  be  drawn  or  photographed  at  pleasure  for  comparid 

The  raoviog  parte  of  the  apparatus  it  will  be  noticed  hiTI 
extremely  little  mass,  and  it  is  stated  that  even  willi  ■  periods 
^  or  A  of  a  second  the  action  of  the  instrumeot  is  but  11  ' 
atfected  by  inertia. 

Experimenting  with  bars  of  iron  of  different  thicknesses  [*niC 
Ewing  has  found  by  means  of  hie  curve-tracer  that,  while  witt 
tlun  bars  and  laminated  iron  generally  the  c^cle  has  the  font 
shown  in  Figs.  164,  166,  166,  with  comparatively  sharp  conuit 
at  the  turning  points  which  are  aUo  the  places  of  extrenf 
induction,  with  thicker  bars  the  turning  points  are  ruoiided 
and  the  maximum  inductions  are  well  inside  the  ends  of  tbi 
curve.  With  cycles  of  frequency  two  or  three 
second,  the  cycle  becomes  a  Ugure  resembling  closely  an  ellipM 
with  its  major  axis  inclined  to  the  axis  of  abscissR. 

This  is  an  effect  which,  as  noticed  by  Hophinson,  is  product! 
by  eddy  currents.  According  to  Ewing  it  ieprobubtyproduc 
also   by   creeping   of  the  mngnelizalii>n  from  the  surface 

Another  form  of  magnetic  curve-tracer  invented  by  Mr.  Q.  K 
C.  Senrle  *  it)  represented  in  Fig,  172,  A  thin  wire  of  aluminiaa 
AB  about  80  cms.  long  has  attached  near  its  upper  end  a  hoii 
zontui  needle  C.  At  the  lower  end  it  curries  a  fork  of  «]« 
minium,  the  prongs  of  which  are  connected  by  a  silk  tibre  01 
To  this  fibre  a  light  mirror  F  is  attached  by  wax,  and  earriai 
small  needle  the  length  of  which  is  utri^ht  angles  to  the  fibre. 
disk  of  mica  about  nn  inch  in  diameter  is  attached  to  the  loi 
edge  of  the  mirror.  The  undisturbed  position  of  the  mirror  is  T 
ticnl,  and  therefore  that  of  the  mica  disk  horiEontal.  A  pieoft 
cardboard  is  placed  in  a  horizontal  position  close  below  iLe  iSA 
and  hence  when  the  latter  is  moving  gives  rise  to  a  dan  ' 
action  which  soon  rfduces  the  minor  to  rest  A  mica  v 
altachod  to  the  vertical  wire  J£  dumps  the  motion  round 

•  Prue.  Camb.  Phil.  Sot.  May  IS.  1892. 
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;  will  be  Been  thdt  the  mirror  has  two  diulinct  freedoniH  of    Action  of 
ion  (1)  round  a  verticiil  niis,  (2)  round  tho  horkontai  libra      Inatra- 
.m.     Tlie  ttjiparatiia  is  set  up  with  the  mngnet  AC  in  the       "'*"'■ 
[□etic  meridian  and  a  coil  carrying  tlie  inagtietiaiiiig  current 
laced  ia  the  maeuetic  meridian  with  its  axis  passing  through 
centre  of  C.     The  speciineD  of  iroQ  to  be  tested  is  placed 
icall;   in   a   magoetrzing   coil,  with   its    upper   end  nearly 
Bsile  tlie  mirror  F,  and  in  the  east  and  west  (magnetic}  plane 
ugh  its  centre.     A  compensating  coil  is  used  to  annul  the 
ct  effect  of  the  magnetising  solenoid,  aud  the  magnetization 
le  iron  specimen  tlien  tends  to  tilt  the  magnet  on  the  mirror, 
iiignetizing  current  turns  it  round  u  vertical  axis  by 


k  the  miigneti 


Fir:.   17-2. 


ig  on  the  upper  needle  C.  The  controlling  force  on  the 
^r  needle  is  the  horizontal  intennity  of  the  field  there,  that 
he  lower  ia  partly  p^vity,  due  to  the  mirror  and  attached 
being  suspended  with  their  centre  of  gravity  a  little  below* 
rilk  fibre,  and  partly  the  earth's  vertical  force.  The  lower 
le  is  of  course  placed  with  its  nortli  pointing  end  down. 
le  instrument  is  hung  within  a  case,  and  a  lump  i>nd  scale, 

lens  forming  a  window  in  the  case  through  which  both 
lent  and  reflected  rays  pass,  is  employed  to  give  a  bright 
on  a  screen.    [It  was  found  that  no  trouble  was  eiperienued 

the  silk  fibre,  as  tlie  spot  of  light  after  deflection  returned 


Stu-Unl. 
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witbn  ^  of  an  inch  lo  its  former  position  wid  Uie  wro  tontd 
to  be  permanent.] 

Tbe  effect  of  any  Bpecimen  (if  it  Ta  taken  siiffici-^lr  ioiwi  ii 
proporuonal  (o  its  inleiisi.v  of  i,i»gnetizution  I,  and  for  ir<^fti. 

^nbed  by  ,ho  apot  of  I.ght  mrty  l.e  taken  as  proponioD.l  to 
Ba/-W  wher^  a  is  ti.e  area  of  cross-secfiou.  and  ti.e  .b«n«.  w 
proportional  to  the  la.ignetiaintr  fonie  H. 

The  mdicsrions  of  the  instnuneni  can  e*dlj  be  rednced  » 
abMlule  meflsure,  by  noting  (1)  the  deflection  of  thespotofl.gil 
produced  hy  a  known  current,  and  calculating  the  cor^pot^ 
field  intensity  .n  the  magnetizing  solenoid.  (S)  by  awsMirav 
Uie  deflertion  of  tlie  mirror  round  the  horizontal  axis  pr<-in«5 
bvpkcug  B  magnetized  steol  wire  in  position  in  the  wlaioid 
(r>r  course  witlmHtcttrrent)  noting  the  deflection  and  iheadt 
nwnin;:  tlis  miijnietic  luoiiient  of  [Jje  M-ln 


i 


/ 
I    / 

fiG,  173. 


ind  iheadtU^ 


Fio.  174. 


Swiu'a  Much  light  is  thrown  on  the  nature  of  magnetization  by  ■lIld^ 
Hdeealar  onlar  theory  recently  put  forward  by  Ewing."  In  thi«  fheorr 
nmy  of  the  actiont  of  tbe  members  of  a  group  of  small  magnets  on  on* 
■•^  anothar  are  studied,  and  show  that  in  all  probabilih-  tbf 
-  pwiuliar  character  of  the  curves  of  magnetization  found  for 
iron,  and  many  of  the  complex  phenomena  of  effects  of  Btre» 
and  temperature  are  explicable  by  the  action  of  the  moleCBlir 
magnet*  on  one  another.  We  may  Bnppose  that  the  molecnltr 
magnets  in  a  piece  of  iron  are  stably  arranged  in  a  regulir 
order,  hat  so  that  the  external  magnetic  force  exerted  by  them 
;.  — «      «.«.».  a  group  would  be  the  four  small  magnets  iritii     j 


''ontTAii  at  the  coniera  of  a 


ted  by  tbe  a 


Fig.   173.     If  then  a  magnetic  fotre  H  ia  applied  to  them  Iter 
will  take  up  the  positions  shown  in  Fip.  174,  if  the  forw  bi    J 


■  no.  Mag.  Sept.  1S8S. 


Sbotion  IV 

DETERMINATION  OF  VERDETS  CONSTANT 

Verdet's  constant  has  been  defined  at  p.  226  above  as  the 
amount  of  turnini^  of  the  plane  of  polarization  of  a  ray  of 

Slane  polarized  light  per  unit  difference  of  magnetic  potential 
etween  the  extremities  of  the  portion  of  the  ray  considered. 
Detenninations  of  this  important  constant  have  been  made  by 
J.  EL  H«  Gordon,*  Henri  Becquere],f  and  Lord  Rayleigh.j: 

Id  Lord  Riiy)eigh*s  experiments,  of  which  we  give  here  a 
short  account,  a  beam  of  light  from  sodium  burning  in  the 
flame  of  a  Bunsen  lamp,  A  (Fig.  177),  intensified  by  a  jet  of 
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Fig.  177. 


oxygen  made  to  play  round  the  flame,  passed  through  a  slit  in 
a  screen,  B^  in  front  of  the  flame  to  a  direct  vision  prism,  i>, 
thence  through  a  collimating  lens,  E^  to  a  Nicol's  prism,  F,  The 
plane  polarized  beam  emerging  from  /'was  received  by  a  syrup- 
cell  polnrimeter,  G^  and  then  passed  through  a  tube,  H,  filled  with 
bisulphide  of  oarbon,  and  a  slit  in  the  screen,  /,  to  the  analyzing 
prism,  J, 

The  screen,  ^,  was  made  of  lookin^^-glass,  and  the  slit  created   Details  o 
by  removing  a  narrow  strip  of  the  silvering.     By  this  arrange-  Apparatu 
ment,  together  with  a  parallel  mirror,  C^  a  considerable  increase 
of  illumination  was  obtained.  ' 

The  direct  vision  prism  was  used  to  purify  the  light  from 
rays  of  other  refrangibilities  than  that  of  sodium.    The  lens  E 


*  Phil,  Traw,  R.S.  1877,  p.  1. 

t  Ann.  de  Chimin,  1882. 

{  Phil.  Trans.  R.S.  Pt.  II.  1885. 
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rendered  the  raye  parallel  before  incidence  on  tlie  poiui:' 
Ttie  pularimcter  G  was  a  eel)  conlaining  a  stratum  of  tli<<r.. 
sugar  eymp.  luado  according  to  Po7nti(ig''a  plnn,  su  tbat  in  v' 
liaTf  the  tliickneHB  of  the  Htratnm  was  the  full  width  of  n 
cell,  in  the  other  balf  was  diminiehed  by  ft  plate  of  slaw. - 
that  a  difference  of  rotstioQ  uf  about  2°  was  pixMJDced  bj  i:. 
two  halves. 

Two  tubes  of  brass,  one  31'591  inches  long  and  1}  inch  b 
diameter,  the  other  S9'T6S  inches  long  and  I  inch  in  diameUi, 
and  closed  at  the  ends  with  plates  of  glaes,  were  used  to  copuis 
the  bisulphide  of  curbou.  The  tempeiature  of  the  liquid  vu 
observed  on  a  thermometer  inserted  in  an  opening  near  oat  e!.  ' 
of  tbe  tube. 

The  analyzer  was  in  some  of  tbo  eiperimenta  a  Nicol,  ■ 
DtJierB  a  double  image  prism,  and  was  mounted  in  the  usual  n .; 
on  a  graduated  circle. 

It  is  iiecesBnry  for  accuracy  in  reading  the  amontit  of  roUii' 
that  the  uxLb  round  which  the  anilyxer  turns  should  coincidr  ' 
■  direction  with  the  raj-,  This  adjustment  was  made  bv  obB^r^ 
ing  the  direction  of  tbe  ray  by  means  of  a.  telescope  will  cfj- 
'  wires,  and  then  replacing  tbe  telescope  by  the  Nicol  or  doub> 
image  prism.  Error  however  was  incrodnced  by  the  pasMp  i'^ 
heat  into  the  liquid,  whereby  the  upper  part  of  it  beCiUN 
slightly  warmer  than  the  lower.  To  eliminate  thia  to  a  fin' 
approximation  the  two  pusitioiia  of  the  Nicol,  nearly  IBO'  ipvt 
which  gave  equality  of  illuminatioQ  in  the  two  parts  ol  thr 
Held,  were  read  off.  It  was  found  that  by  the  use  of  a  daubk 
imuge  prism,  read  in  four  positiona  nearly  90"  apart,  tiit^  em<' 
could  be  more  nearly  got  rid  of. 

The  adjustment  of  the  analyzer  to  an  exact  match  bctwi'< 
the  two  halves  of  the  field  was  facilitated  by  arranging  '-- 
auxiliary  coil  round  the  tube,  in  circuit  with  a  Leclancho  ccl< 
worked  by  a  reversing  key  within  reach  of  the  observer  at  li.- 
analyser.  With  this  tlie  plane  of  polarisatjon  could  be  iDcked 
"  backwards  and  forwards  through  a  small  angle  about  it> 
normal  position.  The  amount  of  the  rocking  being  suiUbit 
cbosen,  tlie  comparison  of  the  three  appearances  (two  villi 
auxiliary  current  and  one  without)  serves  to  exclude  some  in: 
perfect  matches   that   might  otherwise  have   been    allowed  '' 

The  helix  was  wouud  on  an  ebonite  tube  placed  roaod  i)i 
bisitlphide  carbon  tribe,  from  which  it  was  sopiirated  by  severLi. 


VERDET'S  CONSTANT 

t  of  pitper.     Ttic  length  uf   tills  tube  between  the  end 

IB  waa  9*990  inches.  The  winding  waa  perfunned  with  two 

aide  by  «ide,  so  that  by  aendlng  il  uurreut  In  opposite 

ioaa  Ihroagh  thein,  or  by  trying  to  force  a  ourreiit  from 

e  to  the  other,  the  inaulation  of  ihe  cuil  tuuld  be  tested,  while 

irea  could  be  used  to  produL-e  the  maKDetio  field,     Tbe 

B  found  on  test  to  insulate  satiefactorily.     The  internal 

ir  woa  2-188  incliea,  the  externul -1-13  inches.  The  number 

a  waa  3,684. 

■By  (30),  p.  263  above,  the  potential  at  any  point  L  on  tbe 
sitarnal  to  the  coil  is  F^  -  F„  where  F^  T,  are  the  poten- 
lit  tbe  point  due  to  the  enda.  But  if  we  consider  another 
Moa  the  uzia  on  the  side  of  the  coil  remote  from  £,  it 
itn  from  p,  263  that  tbe  difference  of  magnetic  potential, 
Q',  between  L  und  M  taken  along  the  qkIb  through  the  coil 
I  for  unit  current  given  by 


o  -  o'  -  4jrjv  -  {r,  -  r.  -  {r\  -  r',)|  . 

bere  the  daahad  letters  refer  to  M.  and  the  undnshed  to 


(43) 


Calou- 
Diffemu 


l"        a  ~  ""b  m 


I  But  if  x  he  the  number  of  tumn  per  unit  of  length  in  t 
,T  of  rndiuB  Aa  or  36  (Fig.  178),  ri,  /■„  i„  x^,  tbe  distan 
I,  Lb,  LA,  LB,  reapectively,  the  potential  at  L  duo  to 
e  of  the  layer  is,  if  the  end  J)  be  taken  as  positive,  that  a 


If  a  bs  the  rsdiuB  of  thE  layer  (supposed  small  in  comparison 
irith  xj  or  2'^  we  have  approximately 


'.(■+iS4$> 
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HeoM  tho  potential  of  the  layer  at  L  dns  io  dta  otdi  ii 


CkIcu-         To  sum  tlie  effects  of  all  tlie  layera  the  mean  value  et  ^  ud 

lation  of    a*  in  the  last  expression  are  to  be  aubetitnted  for  theca  qnuiti- 

Potentisl.    tjea^  and  the  expression  multiplied  by  the  namber  of  Itysn. 

But  the  mean  value  of  a*  ie,  if  Ou  ^  he  the  internal  and  eztamil 

radii. 


Thus  if  there  are  n'  lavers,  the  total  nnrober  ot  tuma  in  Ibe 
:oil  is  »n'(j-,  -  z,),  nod  therefore  the  potential  at  L  dne  ta  tb* 
»iJs  of  tlie  coil  is 
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in  inches  so  that 

Further  for  the  longer  tube  in  inches 

jTi  =  or'a  -  10-800, 
jTj  =  :r'i  =  20790. 
and  for  the  shorter 

xi  =  ^r'a  =    9-887, 

x^  =  x\  =  19-877. 

Hence  the  required  difference  of  potential  between  the  ends  of 
the  tube  was  for  unit  current 

=  47riV(l  -  -00673  +  00006)  =  AnN  X  '99433 

for  the  first  tube,  and 

4iriV(l  -   00666  +  -00008)  =  4nN  X  '99353 

for  the  second. 

To  measure  the  current  the  difference  of  electric  potential    Mode  of 
between  the  tenninals  of  a  coil  of  resistance  R,  placed  in  the  Measuring 
circuit  of  the  heliz,  was  balanced  by  the  electromotive  force  of    Current 
a  derived  circuit  in  which  was  placed  a  Clark  cell.     At  15^  the 
resistance  of  the  coil  was  1-4968  B.A.  unit    Currents  of  about 
1  ampere  were  used  in  the  experiments. 

We  must  refer  the  reader  to  Lord  Rayleigh's  paper,  loe.  cit, 
for  further  particulars  of  the  results  obtained  and  their 
treatment 

It  was  found  as  the  mean  result  of  a  large  number  of  ezperi-       Final 
ments,  that  if  x  denote  the  value  of   Verdet^s  constant  in     Result, 
minutes  of  angles  for  carbon  disulphide  at  18°  C, 

X  =  -04202. 

The   rotation  in   bisulphide  of  carbon  acconling  to  Bichat   Variation 
varies  with  the  temperature  (Centigrade)  according  to    the    of  Rota- 
formula  1  -  -00104^  -  -000014^,  and  this  was  used  to  correct  for   tiou  with 
deviation  of  temperature  of  the  bisulphide  from  18°.  Tempera- 

voL.  n.  3d  ^^^' 


with 
Gorilon'a 
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Bdcquerere  result  was 

J-  =  046S. 

Gordon's  experimenCa  were  made  for  liglit  oormpondiDg  ta 
Ihathftllium  line.  The  value  obUioed  was^SSS  mioote  for  ihn 
liglit  at  a  temperature  about  13°  C.  Taking  tha  rolatiOD  aipn^ 
portional  to  /•*(»'  —  l)X-i,  wliere  /i  ia  the  refiMtive  index  aM ), 
the  wave  leogtn,  QoTdon'a  result  would  ^ve  for  aodium  light 

J-  =  -(14163 

about  13'  C,  or 

J-  =  0413 


CHAPTER  XIV 
ELECTRIC  OSCILLATIONS  AND  ELECTRIC  RADIATION 

m 

Section  I 
EXPERIMENTS  ON  ELECTRIC  OSCILLA  TIONS 

Tub  approximate  truth  of  the  theory  of  electric  oscillatioiiB     Fedder- 
given   above    was    shown  ezperimentally  by   FedderseQ^  and       sen's 
others  who  observed  the  spark  of  a  Leyden  jar  dischargb'^'-A^  Experi- 
rotating  mirror.     In  Feddersen's  experiments  the  mirror  was " '^®'**J  ®" 
driven  at  a  known  rate  by  clockwork,  which  also  at  a  certain     ^^Jden 
definite  position  of  the  mirror  started  the  discharge  of  a  battery        j^^^ 
of  Leyden  jars  across  the  spark-gap   of  a  micrometer.     The     oharces. 
mirror  was  concave,  and  the  spark-gap  was  so  situated  that  an 
image  of  the  spark  was  thrown  by  the  mirror  on  a  ground-glass 
plate,  for  which  a  photographic  plate  could  be  substituted. 

The  spark  when  taken  with  a  short  metallic  connection  to  the    Effect  of 
micrometer  and  between  metallic  points  was  a  long  tapering      Length 
band  of  light  beginning  at  the  broad  end  with  a  clear  white        ^"^^ 
light  and  then  fading  off  and  narrowing  through  a  greenish  ^^^^^tanci 
colour  to  red  at  the  narrow  end.     No  doubt  the  bright   part     ?      .  ' 
was  the  spark  proper,  and  the  red  part  was  due  to  the  cooling       Omi- 
gases  and  particles  of  metal.  ductor. 

As  the  resistance  of  the  discharging  circuit  was  increased 
without  increase  of  length,  the  red  part  disappeared  and  a  bright 
line  with  projecting  luminous  bands  at  its  upper  and  lower  ends 
took  its  place,  and  this  in  its  turn  gave  place  to  a  succession  of 
bright  lines  at  gradually  increasing  distances  apart,  indicating 
an  intermittent  discharge. 

When  the  discharging  arc  was  long  and  at  the  same  time  of      Oscil- 
sufficiently  low  resistance,  the  image  of  the  spark  as  seen  on  the      latory 
glass  plate  or  as  photographed  became  a  succession  of  equi-  l^^schargc 
distant  transverse  bands  each  shading  off  at  the  sides  into  dark 
spaces,  separating  it  from  the  next  on  either  side. 


*  Pogg.  Ann.  112,  113  (1861). 
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Mode  of 
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It  was  found  by  oiperiraonting  with  diSereot  numboti  o{  jti* 
iu  the  battery  and  varying  the  r<5siii(iutc«  udIiI  tho  ditclufp 
ju«t  cesHfid  ti)  be  oscillatory,  thiit  Iha  limiting  value  ol  ibt 
'osifiUnce  was  inversely  pruportioHAl  to  t)i«  square  ruoteftlH 
:)iarf;ed  surfiice  of  the  battery,  tlint  is  to  the  square  toot  of  the 
capiivity,  and  independent  of  the  »[>ark-leugth,  that  u  of  ift* 
ditferenue  oC  potential.  Tliia  agr«eB  vrilh  the  thoory  gir** 
above  (p.  ISA),  according  to  which  the  Hmiliog  ¥aluo  of  tb* 
reBiatiiuce  fl  is  2  ^L/C^ 

It  was  also  found  thai  if  the  diM^harge  wan  from  a  btttrrfti 
Biirfacti  ^  to  no  uncliargnil  battery  of  surface  S',  the  p«rit<d  wu 
pr»portional  tu  ^SS'I{S+  S^,  which  also  ubvioiwly  tgnti 
with  theory. 

Again,  when  the  length  of  the  diachnrgin^;  arc  wsa  incraaaed 
the  period  vras  inL-reaaed  also,  tliougli  not  entirafy  owing  to  the 
incmue  in  resiatance,  and  tlie  ammKetnent  of  tba  ditcbaigiiii; 
wire  was  fonnd  very  materially  Ut  aSect  the  period  in  a  «*; 
clearly  depending  on  tha  value  of  the  indiiclfon. 

Eiperiiiients  were  also  made  by  von  (Jetlingen,  Kai>obeii- 
hauer,  liiess,  Hcluihntt)!,  and  othere  conSrmnlory  of  thv  theon. 
A  full  nccoiint  rif  these  researches  will  he  fouiiii  in  VTiedemaaii  t 
EUk-u-ieiiAt,  Band  IV.  pp.  177  et  »eq. 

Wb  shall  only  notice  further  of  these  earlier  researcliri  on 
electric  oacillutions  the  eleclric  experiments  of  Schiller.*  la 
these  the  oscillating  diachai^e  look  place  through  a  coil  joining 
the  plates  of  a  condenser,  and  no  spark  was  produced.  The 
current  induced  in  the  secondarv  of  an  induction  coil  by  iIk 
breaking  of  the  primary  circuit  by  an  arrangement  of  contact 
levers  and  pendulum  interrupter,  nna  used  1o  clin^te  the  can- 
denser,  which  gave  rise  to  electric  oscillalions  in  the  coil  con- 
necting the  pliites.  One  plute  of  tlie  condenser  and  one  terminil 
of  the  secimdary  were  connected  to  the  insulaled  pnir  of  quad- 
rants of  an  eleciroineter. 

At  an  interval  (whidi  tuui  J  Lt-  udjJjbLc  J  alplcM^urc  by  projitilj 
arranging  the  contact  levers  and  interruptor)  after  the  priintiy 
circuit  was  broken,  the  secondary  was  also  broken  and  the 
electrometer  detached  from  the  condenser  plate.  By  vaiyiog 
the  interval  and  making  repeated  observations  tlie  potential  at 
difEerent  stages  of  the  oecillatiun  could  be  read  oft  and  th« 
period  ascertained. 

The  time  interval  was  found  by  sending  a  current  tbrauRh 
one  coil  of  a  differential  galvanometer  accurately  adjnsled  for 


•  Pogg.  Ann.  1 
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balance,  and  an  equal  current  through  tlie  other  coil  at  tlie  nezt 
break,  and  observing  the  deflection.  From  this  the  time  of  flow 
of  the  current  could  be  easily  calculated. 

The  coil  of  course  had  an  electrostatic  capacity  of  its  own 
which  it  was  impossible  to  calculate.  This  was  determined  by 
joining  it  with  various  combinations  of  six  different  condensers, 
and  the  periods  of  oscillation  were  observed  and  the  relative 
ci^Micities  of  the  separate  condensers  calculated.  The  results 
were  compared  with  those  obtained  by  joining  each  condenser 
singly  with  the  coil  and  observing  the  period  of  oscillation. 
The  results  were  found  to  agree  exceedingly  well. 

This  method  was  applied  to  determine  the  damping  of  the 
oscillations  with  different  dielectrics  connecting  the  plates,  and 
thence  to  find  the  resistances  of  the  substances.'  It  was  also 
used  to  determine  the  relative  capacities  of  the  same  arrange- 
ment of  plates  with  different  dielectrics,  and  hence  to  find  the 
specific  inductive  capacity. 

Thus  if  T  denote  the  period  of  oscillation  with  the  coil  alone, 
T^  or  J|  the  period  with  the  condenser,  according  as  air  or  the 
dielectric  in  question  was  between  the  plates,  C^y  C^  the  capa- 
cities of  the  condenser  in  these  cases  respectively,  then  by  the 
value  of  the  period  given  at  p.  188,  if  the  resistance  be  neglected, 
we  have 

jrr   t/2  •*  2  ■* 

By  this  formula  the  values  given  in  the  table  were  found 
from  the  experiments : — 


Measure 
ment  of 

Time 
Interval 
Elimina 
tion  of 
Electro- 
static 
Capacity 
of  Coil. 


Determi 
nation  ol 
Specific 
Inductiv 
Capacity 

by 

Osoilla- 

tious. 


A' 

1 

1 

1 

! 

Ebonite 

2-21 

1 

Paraffin — 

1 

i 

1 

Caoutchouc — 

Quickly  cooled  . 

.      1-68 

1 

Pure 

Vulc 

212 
2-69 

Slowly  cooled    . 
Flint  Glass  .     .     . 

\\  1-81 
l    1-89 

1 

l!5-78to 
•(,  6-88 

Results. 
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The  half-period  in  these  experiments  varied  from  •OC'Ca.'56  *«< 
to  "000 rj  sec.  Considerably  larger  vahies  of  A'  were  found  ft 
the  same  specimens  by  Siemens  method  of  successive  char]g 
and  discharge  (see  Vol.  I.  p.  -WS). 

The  results  calculated  by  theory  agreed  exceedingly  well  wii 
those  found  by  experiment.  There  can  le  no  doubt  that  tl 
theory  is  very  imperfect  for  many  reasons.  For  example  tl 
current  in  the  coil  owing  to  the  varying  electrostatic  tapaciiy 
its  ditferent  parts  could  not  be  the  same  throughout  at  any  oi 
instant,  and  much  more  so  without  a  condenser  than  when  oi 
of  considerable  capacity  was  attached  to  its  terminals. 


Ski  TIi'N    II 


Vil.i.itiii^ 
Kl 


KLKrTrj'MAf.'yKTlr  UMilA  TI"X 

Wi:  now  Liivf  ill  ooiK-hisi.iii  some   n't-'Minr   "l"  t::-'    r  in..A..: 
voritio.'ilimi  •■f  M.iXWfH's  tli«'Ory   of  Ku-oi:  M-.ii    I:  .-ii.iri- :.  i /■ 
•riv.'ii  ]»v  Ilortz.     Wo  ,i;iv«'  lir.st  liis  soliitioii    nt"  i!;*-    pr«"l-!-:;i 
tlu"     iKo]MLrau<):i    uf    t'loi.'troin.-iL'notic     wavi-s    f:"::i      i    -    :' 
syinm.'iri.al    al^mt    an    axis,    in    or'K-r    tliut    lli'-    <xi«'ri'.,' : 
results  luiy  hi-  more  easily  nn(lfr>tO(Hl. 

i!.i.ii:ii"        A<    s  'MiCM-   <^i  the   wavt-s  w«*  tako  an  rlectrir  <i..r.i.I.  t,  :;:::" 
KK'i-Tiio     two  e-iual    .Mid  (»i'|Hisite  eltetric   eliai^rs;   coTK-iMr  ir.'d    -.1  : 

V.uMot.  p.)int^  intiniteiy  near  to  one  another,  or,  iimr-'  ]-:op.i.y,  :. 
distance  apart  inlinitely  small  in  com].aris..!i  uirl;  tli.-  i:'-'»: 
frt)m  eitlirr  ehartre  of  any  youxX  at  \\lii»;ii  lij..-  '.-i  ■  i:.- 
mairnetii"  f-ree  is  consi«lered.  The  monjtrit  <.f  tl;-.'  -it  ';! 
that  i>  the  i.rodn.'t  i»f  either  charp^  into  il;.-  di-:.  nee  h-tv.- 
the  two  points,  we  shall  suppcM-  l.»  vary,  i.y  \  -l.tii.  n  ■  1  ; 
char-"S  urdv,  as  a  simple  harmt.nic  ninrii.:i  ..f  il:e  tinj.- :  • 
its  maximum  value  will  be  siip}»osed  linito  a:  d  .-.-i.-^r  .nt.  .<.:.: 
soiireo.  is  tiie  exact  electri<:  anal(.?:ne  v\  fli.-  inljnito.'y  s:.. 
ma'^net  considered  at  p.  ^  nbove. 

„     ,  .  Such  a  s.Mirce  mav  he  re-ardrd  as  j.hysir.-.hy   n-.d,x,.d    rx... 

llerlz  s      c  '   ^  ^2  ;♦     l.v  two  ew"'''   •"'•'    oni-.,v|(t.jv  r/iar_'' 

..  „„,„,,.    tor  ,M.u.ts  very  noa      t    in     ^..,'„,,„,,.,,.     -}■,„•..  „.,-  „„.  ,•„, 

,„1,-.       sphores  connected  b>  a  -    ■'■M        jj,.,,^  ;„   ,„„„.  „j.  ,„.^  „^,., 

Vil.nitor.    "f  electric  vibrator  einplojea  'j 
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ituportiinl  esperimentH.  The  B^heres  were  charged  to  opposite 
potentials  by  an  induction  ooil,  and  thcti  diErbarged  into  one 
nnother,  sttting  up  thereby,  rb  the  discharge  wbb  oecillatory, 
electromagnetic  waves  in  tlie  Burroitnding  tnediiim,  which  were 
propagated  outwards  from  the  vibrator  in  ull  directions.  The 
aiistence  of  tbet<e  waves  was  detected  by  a  simple  receiver,  or 
ret<mali>r  us  it  has  been  called,  consiHting  of  a  circle  of  wire, 
complete  with  the  exception  of  a  very  nnall  spsrk-gap  between 
two  small  knobx  which  tipped  the  endn  of  the  wire,  and 
properly  placed  with  reference  to  the  vibrator. 

The  calculation  of  tbe  electric  and  magnetic  forcee  at  points 
at  a  distance  from  such  a  vibrator  compnrslile  with  hn  dimen- 
aions  would  be  very  difficult,  but  for  points  at  distances  very 
Rreat  in  conipariBon  with  the  disttmce  between  the  centres  of 
the  spheres,  tbe  forces  must  be  very  approximately  the  same  ke 
those  due  to  the  electric  donblet. 

In  what  follows  we  shall  take  the  origin  u.t  the  point  midwaj  'I'heory  <: 
between  the  two  chargee  of  the  doublet,  and  the  axia  of  the  Vibraiin 
doublet  as  axis  of  i.  Since  everything  is  aynituetrical  round  Doubtet 
this  axis,  we  need  consider  only  the  disturbance  at  any  instuot 
at  a  point  distant  z  from  the  origin  and  p  from  the  axis.  We 
ahull  call  the  plane  through  the  origin  at  right  angles  to  the 
axis  the  etinatorial  plane,  and  any  plane  througli  tbe  uxis  a 
meridian  plane.  As  starting-point  of  the  solution  we  use 
equations  (27).  (27'),  (28),  (28')  of  p.  201  above. 

The  electric  forces  obviously  lie  in  meridian  planes,  and  the 
lines  of  magnetic  force  must  be  circles  round  the  axis  of  the 
system.    Thus  7=0,  and  (28)  becomes 


da       da 


We  might  transform  these  equations  to  cylindrical  co-ordinate;.  Eqaatioi 

and  then  proceed  to  find  the  solution  of  the  problem  for  the  of 

ciiSe  supposed.    The  fallowing  process  is  simpler.  Uotinn 

I        Equation  (1)  shuws  that  ady-ffdz  is  a  complete  differential  of  for 

|L tome  function  of  y,  ».     Using  Hertz's  notation   we  take  thii-  I>*>nhltl 
nronctiones  an/a/.'   Thus 


313/  " 
pd  eiguationa  (27)  of  p.  201  bee 


a=n 


«-n  s.a.-,  K,, 


•nd  similarly 
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e  way  put  /(;,  ()=0  without  nffecting  ilie  electrio  unil    Oilier 
Itfuetio  fields   may  be  "een   in  tlis  following   moTmer.     Let        ti»I 
*{«,y,r,()beasolutionor{6).     Theo  mnce  the  electric  and    Equ'tioli' 

"'c  forces  involve  differeiiiifiiion  witli  Tsspuct  to  x  and  y  _    .? 
_  „  UM  inaleoil  of  this  the  value  ^  (j,  f, ,-,  0  +  H',  0  for  n,  "E,"„'tIlo'' 
«  if(,z.  0  is  any  function  of  .-  and  (,    Thi»  would  give  tbe    ponblet 
intial  cqQalion 


oxC-'O  *"*^8  from  +(r,  ().  Since +  (;,  0  may  be  anything 
lease  we  may  cliooBe  it  so  that  xl't  ■') "  -/{->  ')■  Henco 
?  /(',  t)~0,   in  (5),   will  not  affect  the  electric  or  the 

^_^^     tic  force  at  any  point.    Thus  we  have  for  the  equation  of 

I  propag'stion  of  electrontiignetic  disturhance 


a=n 


(5') 


where  p  —  J/  v  Jf/i  j  and  Pj,  Ft  are  nrliitrary  f uuctioiiB. 
To  lind  II  solution  adapted  to  the  vibrBlor  we  liavt)  iniugiited, 


:"-i^'" 

Tlie  well-kn 

owD  general  solution  of  this  ci[ualion  iu 

n  =  l:f,(,--  t'l)-¥  K(/  +  r01    ■    -    ■    ■ 

n=^%„.o„ 


f.V 


where  m  =  in/X  (A  =  wave-length)  and  ■/«  =  p  =  1  /  h/j^.  Thin 
satisfies  the  differential  equation  and  is  of  the  fonii  (6).  The 
vaiues  of  P,  ^,  It  derived  from  it  satisfy  (28),  p.  201,  and  we 
Miall  see  that  it  is  applicable  to  the  present  ciise. 

First  as  the  case  supposed  is  that  of  an  olectrit  doublet,  the    Solutl 
moment  ♦  of  which  varies  as  a  aimple  harmonic  function  of  the         of 
time,  the  field  of  electric  force  in  the  inimediale  neighbourhood   Eijtiall 
of  the  doublet,  that  is,  at  any  point  whose  distance  from  the 
doublet  is  a  small  fraction  of  the  wave-length  of  the  disturbance. 
muift  at  each  instant  precisely  correspond  to  the  field  of  a  Btnall 
magietic  doublet  of  the  same  moment  numericiilly  astliat  which 
tbe  electric  doublet  has  st  that  instant.     Now  the  lines  of  force 
for  tliia  case  are  discussed  at  p.  8,  iind  illustrated  in  Fig.  2. 
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wli*r*  «  fe  the  moioent  ot  the  taa^ctic  iloablcL 
If  in(t«ad  of  ■  ire  write  *  un  ■/,   we   een   (list  l^ 
_Ma  ot     fuaca  t«  co«mi-4nd  ouglit  to  lie  given  by  n  puteulisl 


lli^l 


»<(?)- 


B«t  (7)  may  be  wniteti 


I 


-  +  -  {•!■  («F  -  aO  -H  rai  ■!), 


i 


Mid  the  secon.i  t^nn  on  ihe  rig-lit  Is  rrariicnllj-  zero  wl 
(  =  2irr,'X,  where  X  is  the  wave-leagth)  is  a  very  anuill 
thai  u  when  r  is  small  in  cotnpariaon  with  tlie  wave-l 
Thus  in  the  immediate  neiglibuurhpod  of  the  vibratiogt 


n  ri/ 


and,  hv  (^),  the  potential  V  is  given  by 

,-         an  ^    .      ,  3  / 1  \ 

r.-_.-..,„.,j.^(-)  . 

which  af;r«c»  eisctly  with  the  magnetic   analogue.     Tli 
b«  taken  aa  so  far  a  veriGcatioD  of  the  solution. 

Further  (7)  gi*ea  electric  forre,  and  therefore  aliio  m 
force,  ererywliere  lero  at  an  infinite  distance,  which  n 
the  case  also  for  pfayBJeal  reasons. 

Since  the  field  mnit  be  symmetrical  uhout  the  axis  of 

Xodified    elaclric  force  lies  everywhere  in  a  meridian  piano.     It  < 

^         sufficient   therefore   to   use    co-ordinates    ;    along    the 

SvsnetTj  4nd  p  ^i  right  inglei  to  it,  and  to  calcalnte  for  any  poin 

"^^      the  components  of  electtic  force  perpendicular  and  para 

"*       the  aue,  and  that  of  magnetic  force  parallel  to  lite  tne 

plane.    We  sb^l  take  the  meridian  plane  considered  tt 


Ixi*. 
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of  y,  #,  80  that  p  (Fig.  179)*  becomes  identified  with  y,  and 
denote  the  componentB  specified  above  by  Q,  J?,  a  respectively, 
putting  P,  ft  y  =  0.  In  calculating  these  components  by  (7) 
we  have  to  put  r*  =  r^  _j.  ^2^  and  in  finding  H  to  write  the  third 
equation  of  (7)  in  the  form 


KR 


_  1  a /  an\ 
pdpydpJ 


-Y 


The  figure  represents  an  electric  oscillator  at  the  origin  of  co-ordinates  as 

intended  to  be  understood  by  Hertz. 

FlO.   179. 


Expres- 
sions foi 

Electric 

and 
Magnet! 

Forces. 


which  is  its  proper  form  for  the  case  of  symmetry  round  the 
axis  of  z.    ,Thus  we  find 


4 
JiJi  =  —  [2  [sin  (mr  -  nf)  -  mr  cos  {rnr  -  nt)) 

—  {3  sin  (///r  —  n/)  —  Smr  cos  (/y/r  —  ni) 
-  «iV2  sin  (mr  -  ni)]  sin^  d'\ 

a  =   —  {mr  sin  {mr  —  ni)  -f-  cos  (mr  -  nt)]  sin  B 


(11) 


*  This  figure  is  taken  from  Dr.  Lodge's  translation  of  Hertz's  jiaper 
in  Nature,  Vol.  XXXIX.  (1888—9). 


KoroH  at       At  p 
Tlhnlor. 


HUCOTBOUAONrnC  RAOUTIOB 
»  >ory  mat  tb«  nbimMr  w*  p,(  from  ihtm,  ^ 

ff/f=        -  sill t*/'^, /)«■„! ,J       I 


w{»ir  -  Mfj  Ainfi 


It  w  to  hfl  noriced  tU»l  this  exprcMJoh  fi>r  a  it  that  wtiirh  t^ 
cotdlng  to  the  formHla  At  p.  U3.  would  be  gi^«,  tor  tht  «,u 
"if  S".*  ^J^'""^  ^y  "  """^nt  y  in  »"  element  of  iBBpl, 
■ucb  tbut  yd*  =  «*co8  («r  -  nO.  Bot  n*co6  W  -  «/)  i- 
jictual  onrriiot  in  the  doublet  mt  noy  tnsUnt  mnHiplW  l-v 
lenglli  of  tlie  element.  Tiie  theory  tlierefare  Icmlii  ii  ilj-' 
ill  "re  slated. 


rrom  tli« 
Titnior. 


At  The«e  eimtions  show  that  at  great  distances  from  iii«  oriM 

Dutant  ilie  electric  «nd  magnetic  forces  are  propagated  together  «illi 

I'nintt  ,1,,  vel^iij.  n/«,  wd  are  in  the  aame  plmee. 

LlfPtti.-  Further  the  fiwt  t»-o  eqoatioos  of  (18)  sliow  that  when  f  a 

y  "■"3^,  great  Q  un  (I  +  fi  cos  *  =  0,  wiiicli  indicates  that  the  ditectioo 

M«i(ijotie  of^ii^tion  it  p«rp«B4icular  to  Ilic  radins  vector  from  eieh 

(^  pjiint,  thai  if  thai  the  vibfations  are  trangrerse  to  the  direcb'sn 

.^^SSb  Ataagdi*M»dtAa-'^9-0-''0'l  tlio  equation  for  A  i»     , 


iS 


»     r 


«(•' 


(11) 
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Tiius  the  velocity  of  propagation  of  electric  force  aloDg  the 
axis  of  t  is  to  be  found  from  the  equation  mr  —  nt  —  e^(^  by 
calculating  dr\dtf  and  is  therefore  n(l  +  m^r^)lm^r^.     It  is  very 

great  when  r  is  small,  and  approaches  the  value  ?i/w,  or  1/  VA/T 
as  r  increases. 

In  the  equatorial  i)lane  Q  ™  0,  and  the  equations  for  E  and  a 
may  be  written 


Propaga' 
tion  alon 
the  Axit 
of  z : 
and  in 
the  Equa- 
torial 
Plane : 


^^  ~  7j  V 1  —  wV2  4-  ,ii*i'*  sin  (/ur  —  nt  —  e) 


it^ 


.     (15) 


"  ~  ~^    ^'l  +  td'-r'^  sin  (/ur  -  nt  -  «') 


wliere  tan  e  =  mrjil  -  wV^),  tan  c'  =  -  l////r. 

The  velocity  of  propagation  of  electric  force  in  the  equatorial 
plane  is  thus  n{nrj^  —  m^t^  +  l)lm^r^(ni^f^  -  2).  It  is  always 
greater  than  the  velocity  along  the  axis,  except  of  course  for 
great  values  of  r,  where  it  is  n/m  as  in  the  other  case.     Moreover 

it  is  infinite  when  r  =  0,  and  when  r^  =  2/m^,  or  r  =  X/(ir  ,J2)y 
and  is  negative  at  intermediate  points.  The  electric  force  is 
thus  propagated  outwards  and  inwards  in  the  equatorial  plane 
from  a  point  outside  the  vibrator.    This  is  the  point  for  which 

r  =  X/(Tr  is/2)f  the  centre  of  the  small  circle  seen  on  each  side  of 
the  vibrator  in  the  graphic  representation  of  the  electric  field 
of  the  vibrator  in  Fig.  181  below.  At  this  point  the  electric 
force  attains  any  value  which  it  there  takes  *12  of  a  period 
before  the  corresponding  value  of  the  force  is  attained  at  the 
origin. 

The  velocity  of  propngntion  of  the  magnetic  force  in  the 
equatorial  plane  is  7i(I  +  m-r^)//;/^/^,  which  is  also  infinite  at  the 
origin  but  diminishes  as  r  is  increased  towards  the  limiting 
value  n/m. 

It  is  easy  to  verify  from  the  expressions  here  given  *  that 
the  interval  in  which  a  zero  or  maximum  value  of  the  magnetic 
force  travels  out  in  the  equatorial  plane  from  the  origin  to  a 
great  distance  r  is  rnt/n  -  T/4,  and  that  a  zero  value  of  the 
electric  force  travelling  out  in  the  same  plane  from  the  point 

X/(tr  ^2)  reaches  the  point  r  in  the  interval  rw/n  -  T/2  after  the 
instant  at  which  the  zero  value  reached  the  origin.  But  when 
this  value  reaches  the  origin  the  current  has  its  maximum  value, 
and  therefore  so  has  the  magnetic  force. 
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•  See  also  Trouton,   **0n  the  Acceleratiou  of  Secondary  Electro 
magnetic  Waves/'  Phil.  Mag.  March*  1890. 
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In  the  Biu'cedmy  iiiturval  rW"  -  'J't-i  this  iimzitnum  Utvtii 
out  K  diatance  r,  but  llie  z«ro  value  of  the  electric  force  liu 
arrived  earlier  by  T/4,  ao  that  the  electric  force  ig  also  »  iniii- 
mnm  at  the  same  time  as  the  laagnetic  force,  in  acooidaiiop 
with  the  equations  (18)  lielow. 


.    -    -    W 

1  line  of  ton* 


Electric 
Force. 

L 

Lioeeof  alectn 

c  iorce  have  the  differentia 
ff;      •/,. 

1  4  ,  8n%      W' 

Integrating  tliis 
^3n/ap  =  e,  or 


n  (.«, 


.0  -  > 


.  (,.r  -  .1);  . 


<tf  =( 


("( 


where  ('  is  &  uooHtnric  Tor  nuy  pnrticiilar  line.     B;   awigin 
differeui  valiioa  to  e  the  whole  family  of  lines  of  force  pxisti 

at  Any  particular  ioHtatit  ciin  be  obtuned. 

Graphic  The  curves  of  electric  force  nn  plotted  by  Hertz  Are  rev 
KeprBsent-  duced  in  FigB.  180,  181,  1S2,  lfi3.  l-'ig.  180  shows  the  di.  _ 
atioD  of  tield  as  it  exists  at  the  beKtrniiDg  of  all  osuilUiion  when  | 
ChanKf  of  vibrator  is  in  the  neutral  Btule,  Figs,  181,  Wi.  183  after  the  la. 
Field  jjf  guocessive  eighths  of  h  complete  period.  The  figuKS  wb 
h"u^  drawn  by  means  of  a  set  of  values  of  sin'fl,  and  correapoiuiia 
Psrioii  ^ahies  of  6,  nod  an  auxiliary  curve  giving  the  Totues  of  r  (b 
which  (with  the  given  values  of  ij  the  multiplier  of  sin'tf  k 
(17)  gives  a  product  equal  to  the  constant  c  chosen  for  &i 
curve.    [The  X  on  the  curves  is  h  of  the  wavc-lengtli.] 

Tho  lines  in  the  iramediate  vii-inity  of  the  vibration  u 
given,  nor  sre  those  drawn  continueil  up  to  the  source. 
vibrator  represented  is  of  a  (lumh-hell  shape,  nnd  therefore  U 
lines  of  forcp  csii  only  agree  witli  those  of  a  doublet  at  s  " 
distance  from  the  origin. 

Fig,  181  gives  the  aUte  of  the  field  nfler  the  lapse  of  i  o£' 
.   period  from  tlie  instant  for  which  Fig.  180  is  drawn.     Theli'  " 
I  are  enclosed  within  the  circle  given  by  (17)  for  f  = 


ELECTRIC  FIELD  OF  VIBEATOB 


ELHCTEOILAUNKTIC  RADIATION 

■  equntions  (1)  by  F,  Q,  R.  (2)  by  a,  3,  y,  rpspeclirciy,  siibtnci 
the  Ram  of  tiie  second  set  of  products  from  tlie  snm  of  the ' 
Bet,  and  iaiegrntins  throughout  the  Bpni^i.-  within  the  di 

'*  surface  choseD},  the  rste  of  flow  of  electric  nnd  magaettc  cm 
comliiii'.'il  ncmsB  unit  area  of  siirface  at  any  point  i« 

wlicre  E,  Hi  ore  the  renultant  electric  and  tungiietic  forc« 
the  point,  <^  the  angle  between  their  directions,  and  i|r 
ungle  between  tile  outward  nortnal  to  the  oatface  al  llie  pi 
luid  the  common  normul  to  E  nnd  H. 

It  will  he  BuOicient  to  cnlculnte  for  a  spliere  of  large  rai 

JpBcribed  from   tbo  origin  ae  centre.      !□  tliis  c^ise  we  h 

by  (13) 


-ff<.r, 


'I. 


„.\ 


E  and  H  ai'e  at  right  angles  lo  one  another  and  lie  in 
tangent  plane  to  the  sphere  at  every  point  The  rate  of  flo' 
energy  per  unit  of  area  across  the  surface  in  tliere 
*'m'n  sin*  {mr -KC\K\rfl$l{'lnKt^,ax^A  hy  the  rale  given  alp. 
the  direction  of  flow  is  outwards. 

The  tatnl  rale  of  flow  of  energy  at^roas  a  zone  of  the  sphei 
surface  of  angular  distance  6  from  the  axis  and  breadth  n 
thus  *'in'ii  Hin'(jitr-n/)sin*tf(/tf/2^.  Integrating  this  from 
to  ir  U'C  And  for  the  (otal  rnte  of  radiation  acroaa  the  surface 


2** 

Ik"' 


sin'  {mr  -  nl). 


Agnin,  integrating  this  expression  over  half  a  |ieriud,  n 
from  (  =  0  lo  (  =  r/2,  we  gat  finally  for  tlie  pnergj-  radiated  I 
each  half-period  the  value  I 

1  «•     ,   „,       IT  *■      ,        ♦'    Sir 


=H?'  =    '- 


5  A" 


calculate  the  period  of  the  nbrafor. 


TEBIOD  OF  VIBRATOR 


Ee  period  of  tiie  vibrator,  tiiken   as  2ifJLC  (p.  IBS)  by    Cslculk 
cling  R,  cnn   he  found  by  talcnlating  L  by  Neumann  b     lionof 
.M....ula  [(47)  ji.   171],  and  taking  account  of  the  "displacement    ^*'''™< 
enrrcnta  in  ihe  dielectric.     If  a  ourrent  element  prodiices  the     *i''f»t* 
moj^iietic  field  given  by  the  formula  of  p.  143,  and  the  displace- 
ment  current   be   uniformly    and    radially   distributed   in   the 
dielectric  round  each  end  of  the  wire,*  the  correction  for  a  puir 
of  elements  ds^,  di^,  at  distanue  r  ie  §  (Prld»^dtf.di-idtf,  and  hence 
for  any  two  linear  currents  the  correction  is  the  integral  of  thiu 
taken  along  both  lines.     TIuib  if  F^,  P^  be  the  ends  at  which 
the  currents  enter  the  wiies,  jA„  A',  those  by  which  ihey  leuve, 
the  integral  is  obviously  iCi',P,  +  .Vl^", -  P,J\'j - i'jA,). 

Hence,  as  tlie  reader  may  verify,  if  we  consider  u  straight 
conductor  of  length  I  and  taico  two  parallel  filaments  of  it  at 
distance  t  apart  nnd  integrate  along  both,  we  i^et 


HI" 


+b; 


,    iPr 


|'/V*j  =  2/I 


.'  + 


+  3(r 


■.'!•  + J 


-  2/1  log 


O-f-D'- 


(20) 


if  r;l  may  be  neglected.  We  rany  extend  this  lo  nil  the 
filaments  of  the  conductor  by  taking  instead  of  x  the  geometric 
mean  distance  (p.  2U0)  of  the  current  corrying  Bection  from 
itself.  If  we  suppose  the  current  only  on  the  surface  of  the 
conductor  the  G.Nl.D.  is  simply  the  rodiue  a  and  we  get 


/,  = 


o  ,i'i      2/      .3, 
2^(  ^  '"E  -  -  .7) 


(21) 


If  the  current  is  taken  us  unifonn  over  the  cross-section 
log  (G.M.D.)  is  (p.  296)  log  «-},  so  that  we  have  to  substitute  | 
inslcad  of  the  %  in  the  above  result.  Taking  ^  as  unity,  I  bb  lOu 
cms.)  a  as  "25  cm.,  as  in  Hertz's  dumb-bell  apparatus,  we  ({et 
£  —  1037  bv  (21).  Since  the  spheres  were  15  cms.  in  radius  we 
mnst  tnke  (7=7-6/!^',  where  r  is  the  ratio  of  the  units  (Chiip, 
XI.).    TIius  we  get  r=l'85  X  10-e  of  a  second. 

*  Sue  Hcaviside,  Eledrieian,  Dec.  2S,  18SS. 

+  Hart! calculating  liya  formula  given  by  Helmholti,  dilfeling  from 
the  above  only  in  having  tPrlda^di,  multiplied  by  (I  — i)/2,  whera  Jl-  is 
«n  nndetennined  constanl.  finds  Z  =  2(  [log  (az/n)- 3/4 +  (1 -t)/21,  the 
current  bcinK  suppoacd  uniform  over  the  cross-section.  The  last  term 
■heulit  be  (J.-~  I)/2.  From  this  by  putting  k=0,  we  get  the  resuh 
l^ren  above. 
S  E  ii 
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therefore  a  function  of  p.     We  write  therefore  instead  of  (22), 

n-/(p)8in(fliV-n'^  +  a) (23) 

But  for  any  point  in  the  insulating  medium  surrounding  the 
wire  we  have  the  differential  equation 


»!5  =   '.  v*n 


(24) 


By  substitution  from  (23)  in  (24)  we  find 


32/      ly 
3p2  "^  p  dp 


(26) 


Differei 

tial 
Equatio 

of 
Conditio 


This  equation  may  be  solved  in  the  following  manner.   Imagine   Solutioi 
a  linear  distribution  of  attracting  matter  along  the  axis  of  z\ 
such  that  between  two  points  at  distances  z-{-  C  ^^^  ^'  +  C  +  ^C 
from  the  origin  the  quantity  of  matter  is  co8jb(3'  +  f)fl?f.     The 


Fig.  184. 

l>otential  at  a  point  P  at  distance  r  from  the  origin  due  tu  tlie 
element  dC  is  cos  f  (s'  +  O^CI'''  ^^  shall  take  z  as  the  uxial 
coordinate,  OM,  of  the  point  F,  Fig.  184.  If  matter  be  dis- 
tributed according  to  this  law  to  an  infinite  distance  on  both 
sides  of  the  origin  the  potential  will  be  given  by  the  equation 

^^   foospiz'  +  0 ^^ _   rcos/?(g  +0^^ 


—  oo 


—  ao 


+  00 


C0R/?f 


COB  Di  I  -- — '-—  dC  . 


(26) 


—  ao 


■v. 
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-i-X 


■l^'p'  +  C- 

e;«;ii  »:ivHi^-!:i  fur  :i  positive  value  of  f  being  cam-clKil  \ 
corTesp''!i(ling  element  for  f  negative. 

^V      1.        _         _   _    A.   ^       ^^ _     I        -   __  r^MM^   1  ^1     _     _   - —A.         — ]      _    ^ 


dp'    *  pdp 

I:  \v»?  wriie  /'in  tlie  fonn  «^(p)i:os//j  wo  obtain  from  t)ie 
c  riiti'-'!. 

d-<t>       \  dc) 


■:a:i-ii  fr.:ti!li-'l  l»v  /'  .>    it" 
..-  —      -  —  "'-A  u. 


•  J 


t   , 


ii./ .«■•>-% 


/'  '  A  u  .  k    . 
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^,'-  -J-  (» 


L':.-:-iit.  ami  lii:ally 
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-    A  -  A  k- 
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If  we  now  impose  the  condition  that  the  electric  forces  are  at  If  Electrie 
right  angles  to  the  conducting  wire  we  must  have  B  ^mO,  that     Forces 

"by (7)  .   „      .  ^°(s;!i*» 


or 


Normal  to 

Wire 
Velocity 
of  Propa- 
gation = 

ay    1  a/__  ^    velocity 

a^  +  pa?"^ ^  ^  of  Light- 


a«n    1  an  ^ 


This  givt8/=  Clogp+  C,  where  C,  C\  are  constants,  and 
therefore  we  may  write 

n  =  rlT  logo. sin  (»/V-n7 +  «)  .    .    .    .     (30) 
n' 


not  greater  than  in  the  surrounding  medium,  we  may  write  pp^  —  i0, 
where  0  is  a  pure  positive  imaginary,  and  t  =  n/  —  1.  The  integral 
then  becomes 


/ 


oo 

i$  cos  iu  , 
c  du 


and  is  a  case  of  the  function  K  {$)  discussed  iii  treatises  on  Bessel's 
functions. 

Now  it  is  proved  (Heine's  Kuge^undionen,  p.  188,  2ud  edition) 
that  if  0  be  as  here  a  pure  positive  imaginary 


oo 


00 


K{0)  =  jco8{0Biniu)du  =     j        J^ 


0 


00 


cospC 


/cos 


0 


\/p3+f 


dC 


if  for  px  we  write  f.     But 

cospf 


J  ^^p^  +  C'  J  ^P^+C 

-X  0 


Thus  the  two  solutions  agree  to  a  constant  multiplier. 


'M  KLErraoMAGNETIC  EADUTIOK 

By  cotnpNrisup  of  (ZS)  kftd  (ai)  we  m*  ihat  in 

p*  *• "''  -  n-^s:^  -  0  .   .   , 

thftt  ie  the  velocity  of  propagation  of  the  wave  i 

is  wjasi  to  the  velocity  of  light. 

LjnM  of       f\g.  185  eliiWB  the  linea  of  electric  force  in  tlie 

WS^i    of  the  wire  for  ^  =  «.i,  that  ih  for  «n  infinitely  an 

Vslociliw   iXjOpagMion  "loiiir  Ihe  wirp.     Here  the  lines  niK 

of  Pro-     *''''  ^^^  "'^  eieepi  at  pnire  of  points  at  tncett 

Mntiou.    '^  1"''  ■  y^vf  len)^li,  «ionB  the  wire,  where  R 

field   is  vholly  eleclruBtxtic.      Fig.  186  efaows  t 

<iuced  in  the  Held  when  the  velocity  of  propagn 

wire  ta  7/19  of  th»t  in  the  mRdiuni.     The  conipoj 

force  »long  the  wire  ig  weakened  by  electrodynai 

tii«  ourrea  run  farther  out  aince  Uie  tangent  a 

MiiiB  rendored  more  nearly  perpendicnlar  to  the  n 


^ 


III  Fig.  187  the  6eld  in  the  csae  of  velocity  i 
equal  to  that  of  tight  is  shown.  The  liues  of  e!e 
everywhere  in  plaDC8  at  right  angles  to  the  (Lxii 
curves  of  the  former  diagram  has  by  the  voni 
every  point  been  changed  into  n  pair  of  pat 
indicuteii  by  the  arrows,  one  running  nut  to  inli 
returning  ^tn  infinity  lo  the  wire. 

Tnking  now  the  component  of  electric  force  in 
plane   as  given  for  the  vibrating   doublet   by   i 


Sv/r 


■»f»  +  »V  sin  (■/  -  «,}  =  C  si 


I1.L 


EI,ECTE1C  FIELD  ROUND  WIRE 


'lottiog  8,  as  ordinate*  of  a  curve  with  valnee  of  or  se  the 
ciaaie.  Hertz  obtaiDed  the  curve  mnrked  i,  in  Fig.  IBS  «  Tfaia 


ve  ii>  drawn  fur  tbe  experiments  deaciibed  at  p.  81S  below. 
9  scale  below  indicates  metres,  and  starts  from  a  point  (4fi 
i.  to  the  riglit  of  the  origin  of  abscisen)  at  whicb  the  r^ue 

This  cut  ia  coplsd  from  Hertz's  paper,  "  Die  Knifte  el>ktriBcb«r 
wingnoKen,"  if  ted.  Ann.  38(1888),  p.  1.  See  also  Naltir*,  vol. 
1888—9),  p.  647. 
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of  d,  be^'ins  to  be  sensible.     Tlie  distance  alt  along  the 
X  and  ^  repre8«>nt8  n. 
Inter-  It  will  be  seen  from  the  curve  that  it  is  asymptotic 

fffrences  of  Htraight  line  (d  =  »r-ir)  drawn  from  A,  and  that  therefo 
^ij"^*  ^^*^  f;Tesit  distance  the  phase  alters  uniformly  as  if  the  wi 
Wire-      i)een  transmitted  over  the  first  half  wave-length  in  an  ii 
A\  aves  fts   gi,^^^  time,  and  had  thereafter  travelled  with  velocity  h 
given  nv  ' 

Tlieorv. 


1^ 


fi 


>   *. 


h 


.> 


I'l...    1>' 


/»» 


The    rlcctrir   forco    imrallel    to    ;'    at    any    \\^\\\'   v\ 
tliron«;li  the  wire,  and  prodiiciMl  hv  fh<^  <Jistiirl,aii.  ,-  in   : 


has  thf  oxpri."-sioii 


\vh<?r<'  hv  i.'^O 


W    .  ('  sill  (//■/ 


i-K' 


•  >__ 


5.  ■-  „i'z'  -f  <^  -  "!'  -■'  -j-  (■', 

if  X'  dtMioti*  iho  length  of  the  wavos  in  tht*  wiir.      TIic 
d  and  the  amplitude  6' can  be  altorcil   to  any    r»«qiiiref? 
hy  properly  adjusting  the  length  of  t,li(»  win-. 

Considering  then  tljointerferenirc  hotwcm  the  elcrTiic 
the  ecjuatorial  plane  due  to  the  radiation  from  the  vit./a 
that    produred    by    ilie    win-,  we   see    th.it    tlio    pbaso 


HZKTZ'S  EXPEKIMENTS  ON  EADIATIOK 

unt  depends  on  d,-fio.    For  if  the  resultant  be  If  wo  liave, 
=  C, 

:•  =  R+  ir=  C',ain{nl  -  B,)  +  sin  ("'<  -  8,)! 

=  2r/.i„(»  +  "',-'.+-».)co.'.-A.   .   (34, 

Thus  if  8,-8^  in  Kern  or  u  multiple  of  2;r,coH;(B|-aj/2|  =  ±l 
ad  the  eflecta  cunspirc.  If  8,-82  ^  an  "'^'^  iiiulltplu  o£  n- 
i"{(8,-8,)/a|=0,  and  llie  effetta  ari^  opposed.  In  the  former 
ee  the  interferenoe  may  be  called  +>  'n  the  latter  ~,  while  iu 
le  case  of  8j  — 82,  un  odd  multiple  of  7r/2,  it  iiiay  be  said  tu  br 

Now  suppose  ihat  at  the  zero  of  the  metre  division  8i-8j  liaH 
.e  deliiiitc  value  d^,  and  let  a  straight  line  (1  in  Fig.  16»)  be 
wn  Ic  represent  B,-|-8g.  Ita  slope  must  be  such  ihut  it  riiiei« 
)r  a  diataave  along  the  uxia  of  abscissee  equal  tu  half  a 
kve-length  in  the  wire.  In  the  ligure  it  is  ihiia  drawn  for  a 
>Te-length  of  5'ti  lootrea,  to  suit  the  eiporinieiita  niude  by 
ertz.  The  lines  numbered  3,  3,  4,  Slc,  are  drawn  in  the  samu 
»y  to  represent  a,+a„-ijr,  Bj+8o-)r,  8,+8u-S7r.  &e.  These 
It  the  axis  of  nbsciMie  at  nui-ceasive  dietatiuea  from  the  origin 
t  the  metre  scale  of  1'4  metres,  and  ate  all  parallel  to  the  line 
IDibered  1. 

The  intersections  of  theiie  lines  witli  the  curve  61  projected  00 

te  asia  of  abscieiw  give  the  distances  from  the  origin  at  which 

has  tJie  succesaive  values  8t+8„,  8,+8«- Jir.&c.     Thus  if  the 

terference  ut  the  beginning  of  line  1  huve  tfio  biku  -j-  (-),  it 

have  -  (+)  at  u  distance  of  2-3  metres,  +  (  -)  ut  a  dis- 

»  of  7'6  metres,  -  {+)  at  14  metres,  and  so  oil.     Or  if  it  be 

I   at  the   beginning  of  the  uetro  scule,  it  will  be  zero   at 

ancea  3*3,  T'U,  14,  &c.  metres,  and  have  opposite  signs  ut  the 

tenaediate  distances  1  metre,  4-6  metres,  11  metres,  &c. 

This    it  will    be   seen    below    expresses    the    experimental 

■nits.     The  retardation  of  the  magnetii.-  force  given  by  the 

equation  fl,  — m,- tan-'  mr  is  shown  by  the  line   B^     Further 

discussion  of  the  experimental  resultx, includitig  the  interference 

of  the  magnetic  actions,  will  however  come  more  conveniently 

nfter   a   description  of   the   experiments   made   by    Hertz   and 

others. 

Some  of  the  moat  important  of  Hertz's  eiperimonta  were 
I'srried  out  by  means  of  the  dumb-bell  vibrator  and  receiver 
referred  to  above,  or  with  the  dumb-bell  vibrator  modi&ed  by  sub- 
stituting for  the  spheres  plates  coplanar  with  the  axis.  The  vibrator, 
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Tho  wire  of  which  the  receiver  was  made  was  2  mms.  thick,     Dimen- 
and  the  diameter  of  the  circle  was  35  cms.    The  ends  of  the    sions  of 
wire  at  the  spark-gap  were  tipped  with  two  small  knobs.     The    Receiver, 
width  of  the  gap  was  regulated  by  means  of  a  fine  screw,  which 
moved  one  end  of  the  wire. 

In  some  experiments  with  the  same  vibrator  a  receiver  in  the 
form  of  a  square  60  cms.  in  [side,  made  of  wire  of  the  same 
mage,  was  used.  Tho  spurk-gap  was  in  tho  middle  of  one  of 
the  sides. 

It  is  impossible  to  give  a  complete  account  of  the  action  of  Theory  of 
the  receiver  or  resonator,  but  some  approach  to  a  rough  theory    Receiver, 
can  be  made  which  serves,  partly  at  least,  to  explain  the  results 
obtained.    [See  Hertz,  Wied,  Ann.  34,  p.  155  (1888),  or,  Unter- 
Much,,  p.  89. J 

If  we  denote  by  P  the  electric  force,  parallel  to  an  element  e/« 
of  the  resonating  circle,  produced  by  the  action  of  the  exciter, 
we  shall  have 

P  =  <f>(s)  cos  nt (36) 

on  the  su  pposition  that  the  electric  force  is  oscillatory  with 
period  2ir/tt,  and  is  a  function  of  the  distance  $  of  the  element 
from  some  point  of  the  circle  (say  the  centre  of  the  spark-gap) 
taken  as  origin.  We  assume  further  that  <f>(9)  is  a  periodfic 
function  of  «,  which  i8  no  doubt  the  case  when  electrical  oscil- 
lations are  going  on  in  tlie  circle.  Hence  by  Fourier's  series 
we  get 

</,(,)  =  J  ^  B COS  ~8  -i-  ,  .  ,  +  B'  Bin  Z^ s  -^  ,  ,  ,      (36)     Electric 

/S'  o  Force  at 

Point  on 
where  S  denotes  the  whole  circumference  of  the  circle.     It  is    Receiver 
not  necessary  to  retain  more  than  the  three  terms  here  exhibited, 
the  constant  term  and  the  two  indicating  the  gravest  simple 
harmonic  component.     If  we  take  the  origin  at  the  spark-gap, 
we  may  neglect  also  the  term  B'  sin  {2ir8  /S)  since  that  is  of 
opposite  sign  in  the  two  halves  of  the  circle  on  the  two  sides  of 
the  di.imeter  through  the  spark-gap. 
At  the  spark-gap  we  have  then  by  (36) 

<l>{s)  =A  +  B 

and  lit  the  diametrically  opposite  point 

<f>{jf)  ^A  -  B. 

The  current  at  the  spark-gap  is  of  course  the  rate  of  passage 
of  electricity  in  the  spark  itself. 
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KXPERIMENTS  WITH  RESONATOK 


itidiiction,  ifr  tliB  iingle  wliicli  it  makcn  witli  llie  pliiiie  of  the 
circle,  and  0  the  ungie  between  the  component  in  the  plane  of 
the  circle  and  llie  rudius  to  the  cent  re  of  the  «park-gap,  the  com- 
ponent along  the  tangent  in  ^cog  ^  sin  (2ir»/5  -  ff).  Therefore 
fl  =  -  Econ^slaecoanl. 

Hence  the  length  of  spark  may  be  taken  un  roiigiiiy  depend-  i 
ing  on  the  vnlue  of  a  qnantity  of  the  form  o  +  (3  "in  ^.  where  a  r 
is  proportional  to  A  and  |9  to  £coh  jf. 

In  the  experimenta  lof.  ci'L  it  was  of  course  Bullicient, 
of  the  syininelry  of  the  orrungeraent,  to  inveHtignte  what  took 
place  for  posiliona  of  the  centre  of  the  receiver  at  different 
points  of  one  of  the  foor  qiindrania  into  which  the  horizonlBl 
plane  through  the  vibrator  was  divided  by  the  line  of  the 
vibrator  itself,  and  the  horizontnl  perpendiciiUr  to  the  vibrator 
passing  through  the  middle  of  the  spark-gap.  The  receiver 
was  used  with  its  plane  (1)  vertical,  (2)  horizontal,  in  both  ca^ca 
with  its  centre  in  the  horizontnl  plane  ihrongh  the  vibrator. 

it  waa  observed  in  the  former  case  that  no  sparks  pnHBcd  when 
the  circle  was  placed  witli  it«  diameter  through  the  apark-gap 
liorizontal,  that  is  the  gap  vertical,  but  that  sparks  passed  with 
increasing  intensity  as  the  receiver  was  turned  round  in  its  own 
plane  an  ns  to  bring  this  diameter  nearer  to  the  vertjeal.  When 
the  gap  was  at  the  lowest  or  highest  point  of  the  circle,  and 
therefore  horiKontal,  the  sparks  passed  most  freely  for  a  given 
poMilion  nf  the  plane  of  the  circle. 

For  any  verticol  position  of  ibe  circle  clearly  n  ~  0.  For  a 
vertical  position  of  ihe  gap  the  action  of  8  is  equal  and  opposile 
in  the  two  halves,  for  a  horizontal  position  its  action  on  the 
part   of   the   circle  diametrically  opposite   is   effective   unless 

It  was  fonnd  that  if,  when  the  spark-gap  was  nt  tlie  top  or 
bottom  of  the  circle,  the  receiver  was  turned  round  a  vertical 
Fixle  there  were  two  positions  in  which  the  sparks  passed  with 
maximum  intensity,  and  two  in  which  there  w.-is  absolute  or 
approximate  extinction  of  the  aparke.  The  two  positions  of 
maximum  were  180°  apart,  as  were  niso  the  two  positions  of  lero, 
which  lay  midway  between  tlie  two  former  posil.ioiis.  For  the 
former  position  ^  =  0,  and  B  =  90°  for  the  element  opposite  the 
gap,  for  the  zero  positions  yjr  =  90". 

A  number  of  these  positions  were  noted  and  arc  illustrated  in 
Fig.  190.  The  longer  lines  show  the  positions  of  the  spark- 
cap  when  the  sparking  was  a  maxiinnni,  the  short  arrow-pointed 
lines  the  direction  of  the  electric  force.  The  short  lines  clearly 
indicate  curves  of  electric  force,  the  othera  directions  at  right 
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EXPERIMENTS  WITH  RESONATOR 

rhe  spork-lengthB  at «,  and  o',  were  3'6  inma.  and  2'6  mmB, 

Nhoa  the  circle  was  moved  to  position  III  t)ie  two  oull 
nta  dosed  iip  nearer  to  a',  the  Btnaller  roaximiim,  while  the 
iKt«r  maximum  wsu  at  a^  Over  a  considerable  re^oo 
TOsite  to  n,  only  a  very  slight  effect  wns  observed.  The 
irk-Iength  at  a,  was  4  mms. 

La  the  middle  position  was  approaciied  and  reached  in  IV 
1  V,  no  ponitioiia  of  extinction  at  all  were  found,  but  only  a 
xtmam  and  minimum  atii„a'„in  IV  and  a^,  a'l,  in  V.  It 
to  be  noticed  tlint  in  the  passage  from  position  111  to  position 
tlie  line  aa'  turned  qaickly  round  through  nearly  90"  so  as  to 
always  nt  right  angles  to  tlie  electric  force. 
The  apark-lengths  found  were  5-5  mma.  at  a,,  I'fi  mrna,  at  (/, 
1  6  nims.  at  a„  2-6  inma.  at  o'^. 


lOK^ 


i 


Hertz  made  experiments  also  with    the  resonator  in  other 
litions  than  those  specified,  and  found   the  results  to  be  in 
iordance  with  tlieoiy.     For  example  the  circle  was  placed  in 
)  position  V  of  Fig,  191  with  the  spark-Rap  at  Oa  and  then 
ned  round  the  dinmeter  parallel  to  the  vibrator  so  as  to  raise 
I  spark-gap.     Experiments  were   made  for  various   positions 
til  the  circle  had  been  tamed  completely  round  to  its  original 
.jition.     During  the  change  of  position  6  was  atill  90°,  0  re- 
mained nearly  constant,  but  n  changed  witli  the  cosine  of  the 
inclination  of  the  plane  of  the  circle  to  the  horizontal.     Thus  if 
tie  value  at  a  for  the  horinontal  position  be  denoted  by  o,,,  and 
the  inclination  of  the  circle  to  the  horizontal  hy  <f>,  the  cinantity 
roughly  measuring  the  spark  producing  action  wos  (!„  cos  ^  +  /9, 
and  varied  therefore  from  Oq  +  J3  for  the  spark-gap  at  a^  in  the 
position  V,  to  S  when  tp  was  90°,     Experiment  showed  that  the 
apiirk-length  varied  from  6  mm.  to  2  mm. 
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itions;  but  tfaftt  they  became  again  dii 
'  hvo  metres.    Fig-,  192  shows  the  el. 
■MlM-   ^im^maffm^^mjSeitz^in  na  esf.roration  made  bvt) 
«ta4r    «f«MMfc«rwriMt»oatfrom  point   to   point  in  a  roo 
-~      "  Hbj  II.    ftwn  this  exploration  he  drew  th«  foil* 

_  flNt:  (1)  1^*^  >^  distances  b«yond  three  roettei 
bir  ftcce  >*  parallel  to  the  OBCJIInHon,  nnd  is  due  ii 
-     ■    ■     -■         (i)  For  distances  les      " 


t  th«  riectrie  force  is  almost   wholly  electros 

J9  fV  «>LCtt<  tnK*  i*  determinate  at  all  potntn  along  the 
«f  *•  ■Antsr  and  in  the  equatorial  plane  but  u-itliiu  a  ce 
Kfii^  ^tffctd  bjr  tbo  asterisks  in  the  dingram,   becomn 


EXPLORATION  OF  ELECTRIC  KIEI.D  OF  VJBBATOR 

^rmitiate.  The  effect  falls  off  tniicli  more  rapidly  with  in- 
e  of  distance  nlungthe  axie  than  in  the  cqualorml  plane, 
is  to  be  reroarked  that  these  results,  llje  explnnatiuii  <■£ 
li  was  not  at  all  obvious  when  tliey  were  observed,  are  on 
[whole  uatUfactorily  accounted  for  by  the  theory  given  later 
TJerts  and  digcossed  above,  p.  776  eC  uq. 
'  's  only  necessary  to  look  at  Figs.  182,  183  to  find  all  the 
esof  Fig.  192,  There  is  the  so-called  electroBtnlic  field 
re  close  to  the  vibrator,  the  region  of  indeterminacy  beyi)nd 
I  and,  in  the  neighbourhood  of  Che  equalor  at  least,  the 
n&lIeliBRi  of  the  electric  force  to  the  vibrator.  The  more 
d  falling  off  of  the  action  along  the  axis  is  also  ejiplained. 
t  by  eriuations  (13),  at  a  great  diBtance  Uie  electric  and  mag- 
ic forces  are  both  zero  on  the  axis,  ivhile  in  the  equatorial 
it  they  are  still  sensible.  The  only  diecrepance,  if  discrep- 
•  it  is,  is  the  apparent  parslleliBm  of  the  lines  of  electric 
to  the  vibrator  found  at  some  dislance  from  tlie  e<|untorial 
;  but  this  ia  no  doubt  due  to  the  inaccuracy  produced  by 
MtB  of  the  walls  of  the  room,  or  otherwise. 

also  investigated  the  effect  of  placing  conductors  and 
-s  of  different  kinds  in  the  neighhourliDod  of  his  vihrilor 
The  arrangement  of  iipparatuB  is  snown  in  Fig.  193.  AA'  — 
the  esciter  consisting  as  shown  of  two  square  plates  of  brass,  InsnlatoTS 
40  cms.  in  side,  placed  symmetrically  in  the  horizontal  plane  "^  '**^'' 
about  the  line  mii,  and  joined  by  a  wire  70  cms.  long,  inte  mi  pled  y'brLnp 
in  tlie  centre  by  a  spark-gap  of  J  cm.  between  two  well-polished  '•'•""' 
brass  knobs.  The  two  sides  of  the  gap  were  connected  as 
indicated  by  the  wires  to  the  terminals  of  an  induction  coil. 

The  receiver  was  a  circle  of  the  dimensions  already  specified 
and  furnished  witli  a  screw  at  the  gap  which  enabled  the  spark- 
length  to  be  varied  from  a  few  hundredths  of  a  millimetre  to 
several  millimotres.  The  circle  was  set  with  its  plane  vtrticul 
and  parallel  to  the  spark-gap,  and  its  centre  on  tlie  horizontal 
line  inn,  the  itxis  of  symmetry  of  the  vibrator,  at  n  distance  of 
13  cms.  from  the  nearest  points  of  the  plates.  It  was  made 
movable  round  an  axis  coinciding  with  this  line,  so  that  ihy 
position  of  the  apark-gap  could  be  varied  on  the  circle. 

When  the  apark-gap/in  the  receiver  was  at  a  or  o'  noaparks 
[n»aed,  but  the  slightest  tuniiug  from  that  position  caused  tlie 
■sparks  to  begin,  and   they    had  a  maximum  length   of  about 
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coDiluctitij;  budics  such  aa  bare 
tppanitiis,  in  nrder  lint  the  abei 
be  lunintAJnril.  An  iinsynituetr 
olwerver  relatively  to  uh  was  in 
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A  condiH-tor  of  th..  ^hikpe  in<li 
■bovn  tliR  exciter n»  Khoun.  Wl 
the  ciciier  tli«  ^porks  diiniitjiili 
mi.TC:)>:.<<l  at  i,  fill. I  Hie  points  of 
tuwarJs  6',  while  sensible  sparbi 
point*.  It  in  easy  to  see  that  th 
expected.  For  tlie  conductor  6'  I 
a  natural  period  sliortiT  than  th:ii 
of  a  vibration  oppoReil  to  that 
consequence  of  the  inductive  acti 
tlie  natural  period  of  the  primnn- 
electrification  of  C  asreert  in  pin 
producing  it  (see  p.  798  above}. 
Hertz  eatitilied  himself  by  replii 
plate  in  C  by  ft  thin  wire,  thai  b' 
result  was  to  bring  the  |>oints  of" 
top.  But  as  they  moved  npwa 
thinner  and  thinner  wires  the  zero 
and  were  rephiccd  by  places  ol'  mi 
length  up  t.)  the  vaiiishinK  of  the ; 
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b«oame  more  and  more  neurly  zero  points,  and  approached  at 
the  same  time  the  positions  a  of. 

All  this  was  of  course  in  strict  accordance  with  theory,  for  as  Discussi 
the  period  of  C  approaclied  that  of  AA*  the  current  in  C  increased        of 
likewise,  hut  when  the  period  was  carried  beyond  that  of  A  A'  a    Result 
difference  of  half  a  period  was  set  up  between  the  current  in  C 
and  the  action  producing  it,  that  is  the  two  currents  agreed  in 
phase.     When  however  the  stage  of  resonance  was  nearly 


Y — ./.-;^-.J^-..^..- 


Fio.  193. 


reached  or  only  slightly  passed  the  difference  of  phase  was,  as 
in  all  cases  of  sliglitly  damped  vibration,  about  a  (quarter  of  a 
period  (see  (38)  p.  798)  and  interference  between  the  effects  of 
C7and  AA'  was  then  impossible.  This  was  the  stage  at  which 
the  sparks  were  equal  at  the  highest  and  lowest  points  of  the 
circle. 

When  C  was  brought  quite  close  to  AA'  the  sparks  in  the 
resonator  became  small.    This  was  due  to  the  fact  that  the 


HilCTMC  lUnUTIoi 


J 


«d,„  ™  u„„'',s'=  'T'sr  jv"*'-"! 

»««  l.ra„l,  ,„j  I  „ -,_f .  >?''  "f  book.  1-5 

nuaul  ll._  ■I^i.rr      °S'   •*«'   toe  BDarli.n.  k. 


rua. 


r-."OB  of  no  -pXw^rf  ,^'"   "'r""'  *" 


lUoekor 

pUMd 


PWft- 

AMI*  ao< 

nuie 
Aetiaii. 


"~  PO.1.1^  „  ..fj^  dSI^-      ^f"  ""  '"•! 

..,«„.„  „„  p.„<^  or  .£,„;;;.:'' "  '■'  ■■• '' 

Uv  iDcreasiup  (he  dist^,,!  '"*'*^^f  'o  causa  il  !, 
p.tt«l.om  "'"''   •aaa„m,  ,ulph" 

»f  U  e  block  .nd  b«lo,  ,i„  ",„'  'f""'  '"am, 
-H™  the  .II«t.%„„,",  J '°  '•  "•"t'd  in  tbi. , 


VELOCITY  OF  PROPAGATION  IN  AIR 

c  ftction  according  to  the  laws  of  induction  luid  down 
3  electric  action  niuet  be  tranemitttd  in  tlie  niedium  with 
■finite   vetocitT.       That   the   two   go   hand    in    hand    ia   the 
^ndation  of  MftiweH's  theory  of  e I ectrodyn arnica,  and  H^rlit'e 
^eriments  just  described  gave  evidence  of  the  truth  of  tlie 
bory  for  solid  dielectrics.     It  remained  still  to  show  that  it 
m  true  for  air.     Hertz  attempted  to  verify  the  finite  velocity 
I  air  by  carrying  the  aecondnry  vibrator  C  from  a  position  of 
leiference  with  JA'  to  a  greater  and  greater  (iiatiince  and 
MerviDg  whether  the  interference  ceased   and    began   ngain 
Wnateiy.     This  experiment  however  was  not  successful,  but 
B  problem  was  solved  by  Hertz  in  another  manner. 
''  ':nown  that  electric  oscillatione  could  be  propagated 

ire,  end  attempts  mode  by  Fizeat;  and  Gounelle  in 
),  and  by  W.  Sieroena  iu  1676  to  determine  the  velocity  of 
(bpa^ation  for  iron  and  copper  wires  gave  velocities  of  the 
"tne  order  of  magnitude  as  the  velocity  of  light- 
Arrangements  were  therefore  made  to  compare  the  Hnite 
*  ily  of  electric  oscillations  in  air,  if  such  a  velocity  exialed 
tho  velocity  of  propagation  in  a  wire.*  An  exciter 
isisting  as  before  of  two  40  cms.  square  brass  plates  joined  by 
I.  long  brass  rod  with  a  spark -gap  between  was  set  up  as 
in  Fig.  194.  Behind  the  plate  J  was  arrnnged  a  plate 
lected  as  shown  to  a  long  wire  of  copper  1  mm.  thick 
nried  along  horizontally  30  cms.  above  the  horizontal  axis  of 
itunetry  of  the  vibrator.  This  axis  no  shall  call  the  base  line 
I  the  apparatus,  A  point  45  cms.  from  the  spark-gap  of  the 
*  taken  as  zero  point  for  the  uieasuremenl  of  ('  ' 


1  the  base  lint 


fereuce 

betweei: 


ir  used  was  either  the  circle  of  35  cms.  radius  o 
e  erjuare  of  60  cms.  side  already  described.    It  was  placed  ij 
9  different  positions  with   i 


i  (-2)  with  its 
Arith  its  plane 


P)  in  the  vertical  plane  through  tho  bat 

plane  ut  right  iingles  to  the  base  line : 
horizontal. 

By  the  dicect  action  of  the  exciter  no  sparks  were  produced 
in  the  tirst  position,  while  in  the  second  position  sparks  only 
i>ccuned  when  tho  gap  was  above  or  below  the  level  of  the  baaa 
line.  The  cause  of  this  sparking  was,  as  we  have  seen,  the 
vlectric  f(-ree  acting  on  the  pun  of  tlio  receiver  opposite  the  air- 
DpBCe,     The  total  mognetic  induction  throagh  the  circle  in  both 
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PMdft^  -mm  awo.     TlM  lengih  of  the  «p;^^ 
*■■■«   bw   tbe   exciter,  kt  first  rtpdlir,  y~* 
^M^r,  ^id  Atj  vere  nable  up  to  1' 
Ik  ^*  dnd  pMBtion  apukingwi 

^bM  Ar  FV««a  pmlM  ta  the  eidUf  ■ 
M  **  kcaBE.  aad  •  laianDm  wfaen  the  g*^ 
^  fiMJIiiMi  Tlwte  THulta  «< 
I  tf  Ikr  alocbx-  GMt«  ud  th«  ii 


««  feM*A  to  p««B  with  lotted  (n 

.fi;  1^  r*«mv*r  wis  pUced  ii" 
h«4  fa  jpark-g^p  u  ciose  to  llii  ■•■ 
alklion  ina  prodnce<J  in  tta 
id  U  vhicfa  redection  cnuU 
fcy  ^ving  the  recBivar  ij 
larking  *B 


ai^MaA*  roMtiM  b«t 


between  that 
«4Kriic  forv-es  ooffbB 
U>  be  tW  ca^e.    Again  | 
bj  briiipng  near  il# 
hovevFT  slight  as  Cbe  da 
'  X  of  vibrstioos  of  wi 
picked  out  those  of  Hi 
tstic  eiperiiueTit. 
of  different  tWifcB* 
position*  of  F 
«iw  these  remained  uniT 
rlM^M    here    in   que*" 

'e  moet  cietrlf  I 
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was  cat  8  metres  or  5^  metres  from  the  zero  point  of  the 
line.  In  the  former  'case  the  nodes  were  at  '2  metre, 
metres,  5*1  metres,  8  nietres  from  the  zero  point ;  in  the 
lattefl:  '1  metre,  2 '8  metres,  5*5  metres  from  the  same  point. 
Those  results  indicate  clearly  a  half  wave-length  of  2  8  metres. 
The  period  of  oscillation  as  calculated  from  an  estimate  of  the 
mdactance  and  capacity  of  the  exciter  was  about  2x10"^^  cms. 
per  eecond.  This  gave  a  velocity  of  propagation  of  2'8  X  10  ^^ 
.  per  second,  that  is  approximately  the  velocity  of  light. 


Fir..   194. 


ference. 


The  receiver  could  be  placed  so  that  both  the  exciter  and  the  Arrange- 
wire  could  produce  sparks  in  it.     For  this  it  was  necessary  that    nient  of 
it  should  be  placed  neither  in  the  first  position  nor  in  the  second,  Resonator 
bnt  in  an  intermediate  position.     Thus  the  nqiiare  receiver  was      .  ^?J 
placed  at  the  zero  point  with  its  plane  vertical,  and  the  spark-      *Dwr. 
gap  at  the  top,  and  the  normal  to  its  plane  turned  towards  the 
plate  A  or  the  plate  A'  of  the  exciter.    Let  us  sup])08e  that  it 
pointed  towards  A  as  shown  in  Fig.  194,  and  that  A  had  its 
maximum  positive  charge.  Then  the  direct  electric  force  due  to 
the  exciter  and  the  inductive  electromotive  force  at  the  node  in 
the  wire  were  opposed  to  one  another.    When  the  receiver  was 
turned  round  so  that  its  j)Iane  pointed  towards  A'  the  sign  of 
the  direct  action  on  the  receiver  was  changed  and  the  two  effects 
conspired.     By  moving  the  plate  P  to  a  greater  or  less  distance 
from  A  the  effects  of  the  wire  could  be  varied  in  strength  so  as 
to  be  made  equal  to  the  direct  action  on  the  receiver. 

Interference  effects  could  also  be  obtained  with  the  receiver 
in  the  third  position,  but  in  this  case  the  wire  had  to  be  on  one 


The  sAine  ultcm&iion  of  tlic  . 
it  il)tr  ilifferciit  nudes  nliiiig  tin 

Tlie  folbwiitf;  art  some  of  tli 
iif  6  mvtres  frvin  ihc  ^teru  puiii 

iionnu)  phioed  suoccsKivcly  in 
the  difference  if  any  in  Ilio  npa 
Wis  observed  the  result  wax  in 
iiig  as  Ihc  sparks  irere  MiiiiUer 
Ii'w&rJs  }'  [ban  in  the  other 
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8  metres  of  wire  with  III 
eiich  BiTJeii,  BO  thnt  the  lengtli 
>'ii)8.  The  Tpsiills  showed  tliat  tb 
fijr  successive  dis[>Iacemenl8  o: 
the  wire,  and  also  for  about  Ihi 
1»'twe«ii  .1  and  h.  This  »\\t,\ 
direct  eflocl  wa;i  not  tlio  hiiic  i 
velocity  of  propa^'alioa  in  aiv 
that  in  tlie  wire. 
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T\m  corroborates  tbe  concluaioD  tram  the  former  rtn 

r«iulu. 

Vdocity        It  ftppoara  therefore  that  the  wave  in  air  while  tiBTcnds 

of  metres  gaioed  half  the  lengtti  of  the  trftve  in  the  wir«  a 

Pn^»g»-    Utter:  tli at  is  while  the  wave  iii  air  traversed  7'&  ni«lR 

tioD  in      ware  in  tho  wire  tmvera«d  7-5  —  2'8  (  =  4'7)   nietiea.     B* 

A»-        Iialt^nod  of  the  wave  in  the  wire  being   1  X  10-«  tecoi 

velocity  of  propagation  of  the  wave  in  air  ^ven  bj  the  e 

loentB  was  4'5x  10'°  cms.  per  second.     This  exceeds  the  re 

<rf  light  by  50  percenL  of  the  latter  and  gives  a  wave-l«iij 

air  of  about  9  inelrea. 

This  reeiilt,  it  may  be  etated  liere,  doea  not  agree  wit 

obvervotions  of  Utet  eiperim enters  who  have  found  for 

in  air  as  well  a»  for  waves  in  wires  the  velocity  of  light 

diacrspaiicy  will  be  discuased  later. 

ScdaotioQ        Hertz  also  made  ezimrimenta  on  the  refiection  of  wavea 

of  Waves,  from  condiictitig  autfaeee.*    The  experimenta  wars  carrii 

in  Lis  pIiyRica!  lecture  Ihoalre,  a  room  about  15  metres  loi 

mctiea  wide,  and  Ij  motres  high.     Parulk'l  to  the  aide  wall 

Pwduc     two  rows  of  iron  columns  so  that  the  clear  breadth  of  ibe 

tion  of      was   about   8-5   metres.      All    g.iaaliers   and    other   ma- 

Standing    obstacles  were  cleared  away,  and  one  end  wall  from  whii 

Wave  by    reflection  wua  to  take  place  was  covered   with   a  plate  c 

Kettection.  4  „,etreB  high  iind  2  metres  broad  connected   by  wires 

gas  and  water  pipes.     The  exciter  was  set  up  two  metre* 

the  opposite  end  of  the  roam  with  its  axis  vertical.     The 

were   incident  nearly  normally  on  the  plate  of  zinc,  ai 

electrical  vibration  was  therefore  in  the  vertical  plane  tl 

the  vibrator. 

Method  of      The  receiver,  the  circle  of  35  cms,  radius  already  de» 

Eiperi-     was  carried  along  the  normal  through  the  centre  of  the  vi 

mentieg.    and  the  positions  of  maximum  nnd  minimum  sparking 

neighbourhood  of  the  wall  observed.     The  positions  I,  I 

IV,  in  the  diagram  were  those  of  strongest  sparking.     In 

it  will  be  seen,  the  spark-gap  was  turned  alternately  in  0[ 

directions.     The  arrows  show  by  their  directions  and  ]< 

the  electric  forces  on  the  two  sides  of  the  circle,  and  e 

the  result. 

Besnlts.         The   positions   V,  VI,  VII  e'''e  eiui^'  lengths  of  spa 

both  the  left  and  right  pceitioos  of  the  spark-gap. 

When   the  spark-gap  was  placed  at  the    highest   or   i 
point   of  the   circle  at  V,  VI,  VII,  so  that  the  electric 
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conld  not  have  any  effect  it  was  found  that  comparatively  little 
sparking  was  produced  at  V,  a  maximum  at  VI,  and  a 
minimum  a^^ain  at  VII.  This  indicated  that  the  magnetic  in- 
duction was  a  minimum  at  V  and  VII  and  a  maximum  at  VI. 

All  the  results  are   explained   if  we  suppose  that  standing    Explana- 
^vaves  of  electric  and  magnetic  force  arc  produced,  as  repre-     tion  of 
amted  by  the   full   and  dotted   curves   in    Fig.  195.      It  is    Results, 
shown  by  the  theory  given  above  (see  equations  (18)  p.  786), 
that  at  a  distance  from  the  vibrator  the  electric  and  the  mag- 
netic forces  are  propagated  together  in  the  same  phase.     The 
diagram  therefore  shows  that  in  the  act  of  reflection  the  electric 
force  has  its  phase  changed  by  half  a  period  relatively  to  the 
magnetic  force,  so  that  in  the  standing  vibrations  the  nodes  of 
one  correspond  to  the  loops  in  the  other,  and  vice  rerna. 


C       10        D       [01 
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The  observations  seemed  to  indicate  that  the  node  for  the 
electric  force  was  behind  the  wall  surface  about  '68  nietre^  and 
the  next  loop  but  one,  about  6*52  metres  in  front  of  it,  so  that 
the  wave-length  was  about  9*6  metres.  With  the  period 
2  X  10"®  second  for  the  vibrator  this  would  give  4*8  X  10*® 
cms.  per  second  as  the  velocity  of  propagation  of  the  waves 


m  air. 


Here  again  the  velocity  is  much  gre:;ter  than  that  of  light. 
The  cause  of  the  discrepance  between  these  (and  the  former 
observations)  and  those  of  other  experimenters  can  hardly  be 


Velocity 
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utd  yet  i&  liBTB  been  fully  made  out  MM.  Snrasin  and  De  lu 
Itix'e  for  example,  experiiuenling  at  Genevn  in  IS'JO,  fouDdirlth 
na  exciter  and  resoDntor  of  very  nearly  Ibe  s^niu  dimeusloiu  t^ 
IliOM  of  Hertz,  a  vave-leogtb  of  only  S  metres,  instead  of  9'^ 
inctTes.  This  gave  of  course  ilmust  exuutly  the  velocilj  of 
Tight 

It  lias  been  suggested  that  the  wave-lcDgtli  obserred  mi; 
lepeod  to  a  great  extent  on  the  dimenBions  of  the  resoiiiior, 
UkI  may  be  connected  willi  what  has  boeu  culled  ntaUpIi 
■MenoHM  Uy  Mesara.  Sarasin  and  De  la  Rive.  It  has  beeo 
'  notit^ed  by  tlieee  experiuentcrii,  as  well  as  by  Fitzgerald  and 
Trouton,  that  the  exciter  uppureotly  gives  rise  neither  to  i 
single  vibntion  of  distinct  period  nor  to  a  limited  Damb^c  at 
diatiact  vibrations,  but  ratlier  to  Buch  a  complex  of  Tibrstion^ 
B«  would  giT«  a  wide  band  of  conttDuous  apectruni.  Thi 
ribrationa,  agreeing  with  poaaible  modes  o£  vibration  of  tJM' 
rawKiator,  would  be  retnfon>ed.  That  this  is  not  oontained 
theory  is  true,  but  l!ie  tlieory  is  very  iaiiomplete.  It  is  bard 
believe  tbai  tin  vLbrntione  can  be  pttfeclJy  simple, 
'f  Tli<.  t^llvning  cipljuiaduii  tit  multiple  resonance  Las  been 
■  proposed  by  Pi.ini'are  (EleclriciU  el  Optiqve,  2de  Partie).  The 
logarithmic  decrement  of  the  vibrations  of  the  esciter  is  probabij 
much  greater  than  that  of  the  resonator,  and  so  the  vibrations 
of  the  exciter  diminish  in  amplitude  more  quickly  than  Cboae 
set  up  in  the  resonator.  This  is  confirmed  by  ezperimenU  on 
the  damping  of  the  vibrations  in  the  exciter  and  receiver,  mode 
by  V.  Bjerfenes[H'i«i  -4mi.,44  (1891),  p.  74J.  Thus  tlie  reson. 
aior,  being  started  by  the  exciter,  coniinues  its  vibrations  after 
those  of  the  exciter  have  become  insensible,  but  then  vibrates  in 
its  own  proper  period,  giving  vibrations  of  longer  period  and 
of  greater  wave-length  than  ihoi^e  which  excited  it.  The  wave- 
length Wing  determined  by  interference,  aod  used  with  the  too 
short  period  of  the  exciter,  gives  too  great  n  velocity  of  pro- 
pagation. With  tills  expIuiiBlioD  Heriz  has  expressed  himself 
as  practically  in  accord.  As  he  remarks,  t)ie  oscillations  of  the 
exi'iler,  represented  graphically,  do  not  give  a  curve  of  sines 
pure  and  simple,  but  a  curve  of  eiiiec  the  amplilnde  of  which 
gradually  diminishes.  Such  an  oscillution  causes  all  the  reson- 
ators receiving  it  to  vibrate,  but  tho^ie  in  tune  with  the  exciter 
more  violently  than  the  others.  This  agrees  with  the  theory 
given  at  p.  798 ;  and  the  fact  that  the  apparent  spectrum  seems 
more  extended  when  wires  are  connected  to  the  vibrator  thaci 
when  the  propagation  takes  place  freely  in  air,  may  be  due  to  s 
greater  damping  effect  in  the  former  case. 
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It  may  be  noted  here  that  it  has  been  found  bv  Mr.  Trouton  *   Trouton's 
that  the  size  of  the  reflecting  sheet  has  a  great  deal  to  do  with     i^^xpen- 
the   distance   of  the   nodes  from   the    surface.      Using    long   mentson 
narrow  strips  held  (1)  so  that  the  length  was  in  the  direction  of  ^"S?*'*^ 
the  magnetic  component ;  (2)  in  the  direction  at  right  angles  to  p^fl^Qf 
that  component,  he  found  that  the  node  was  in  the  fonner  case 
shifted  outwards  from   the  reflecting  surface  very  markedly. 
For  example,  with  waves  68  cms.  long  the  distance  of  the 
mimetic  node   varied  from   24*2  cms.  for   a   strip   16  cms. 
wide  to    17   cms.  (J  wave-length)  for   a  large   sheet.     This 
effect  was  due  no  doubt,  as  stated  by  Mr.  Trouton,  to  the 
action  of  the  charge  periodically  accumulated  at  the  edges  of 
the  sheet 

Smallness  of  size  in  the  magnetic  direction  carried  the  node 
in  towards  the  surface ;  and  this  may  ver^*  possibly  have  been 
the  case  in  the  experiments  of  Hertz  described  above.  The 
hreadth  of  the  sheet  (in  tlie  direction  of  the  magnetic  force)  was 
2  metres,  or  about  the  same  in  effect  as  a  strip  14  cms.  broad 


Fio.  196. 

used  with  Mr.  Trouton's  68  cms.  waves.    This  would  give  a 
sensible  inward  displacement  of  the  node. 

Experiments  were  also  made  by  Hertz  on  the  production  of  Heflection 
plane  polarized  waves,  by  means  of  a  linear  vibrator  consisting         of 
of  two  cylinders  placed  in  line  with  a  spark -gap  between  their  Electrical 
opposed   ends.    The  cylinders  were  about  12  cms.  long  and   Wa^^sby 
3  cms.  in  diameter  each,  and  the  ends  at  the  s])ark-gHp  were       JJF^"* 
well  rounded.    The  vibrator  was  placed  vertically  in  the  focal    K^citer 
line  of  a  parabolic  cylindrical  reflector  made  of  ordinary  sheet 
zinc  nailed  on  a  wooden  framework  cut  into  proper  parabolic 


♦  Phil,  Mcfj.  July,  lSi»l. 
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nhnpe.  The  c.vlinderB  were  ootinected  with  &n  indnotiuii 
by  insulnteil  vrires  passin)^  through  holes  in  tbe  nnu  Wiind 
thorn.  The  mirror  was  about  two  metres  in  len^h  niui  iboot 
70  cms.  in  depth  along  the  ax'ie  of  the  pumboiic  iignre,  m 
nhown  in  Fig.  197.  The  Exciter  tliaa  placed  prodiicMl  w»?ii 
of  eleotric  force,  the  direction  of  which  Dear  tiie  source 
parallel  to  its  axis.  These  were  received  by  the  mirror, 
reflecltfd  into  a  pntallel  beam  which  would  be  observ^  bf 
lueftns  of  a  suilahle  receiver.  In  most  of  the  esperimsnti 
however  the  beam  was  received  by  a  aimilor  reflector  facitiK  tin 
former  bo  as  to  roncentrate  the  radiation  on  iti  focal  line, 
which  was  parallel  to,  in  eome  experimentE,  in  others  nt  righi 
■    angles  to  the  former. 


Fir..  197, 

111  the  focal  line  of  the  otiior  mirror  was  placed  a  receiver 
■  marie  of  two  pieces  of  thick  wire  eacli  60  cms.  long  placed  in 
line  as  shoivn  in  Fig.  197,  with  a  gap  of  about  5  cms.  betweeo 
their  ends,  and  completed  by  two  thin  wires  about  12  cms.  long 
led  out  at  right  angles  to  the  rods  to  the  back  of  the  mirror, 
'riiese  were  tipped  with  a  knob  and  point  as  shown,  fo  as  to 
form  an  adinstable  spark-gap  which  could  be  convenientlv 
olisorv'cd  from  behind. 

It  wasfound  by  this  arrangement  that  electric  rndiation  could 
bo  detected  at  a  much  greater  dialanee  from  the  source  than 
with  the  ordinary  vibrator  and  receiver  used  as  dcecribed  above 
without  reflectors.  In  these  as  in  all  other  oxperimenta  the 
knobs  of  the  vibrator  have  to  be  repeatedlv  cleaned  and  it< 
Kpi.rk-gap  must  be  screened  from  the  direct  light  of  the  spark 
in  the  induction  coil. 

Clearly   a   parallel   beam  of  plane  polarized   light  was  thus 
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nbtained,  and  coneitited,  nb  the  experiiiieiiU  sbowed.  of  electrical 
vibrations  parallel  to  tlie  vibraior  uccompanieci  by  maRnclic  1' 
vibralioriB  ut  riglit  angles  to  the  former  nnd  lo  llie  direutiuii  of 
propagation.  Placint;  llie  axial  planes  of  llic  mtrrars  in 
coincidence  gave  aiigmentiilion  uf  the  eluclric  effect,  crossing 
the  mirrors  estinguislied  the  effect  at  the  receiver  in  the  second 

Again,  a  grating  nf  pHrnllel  copper  wires  placed  hetween  the  EfTi'ot  o] 
mirrtirH  entirely  stopped  the  radmtion  when  the  wires  were  at  Oratin, 
right  angles  lo  the  vibrator,  nllowed  it  to  pass  freply  wlien  ofWiw 
turned  through  90'  from  the  former  position. 

Also  it  was  found,  in  a  repetition  of  these  experiments  by    Refleclt 
Prof,   Fitzgerald   and  Mr.  Trouton,*  that   the   electron) ngn otic         at 
beam  wag  reflecled  from  a  wall  about  three  feet  thick  when  the  PoUrftli 
vibrations  were  at  right  angles  lo  the  plane  of  reflection,  and      Angle. 
not  at  all  al  the  polarising  angle  when  the  vibrator  was  in  the 
plane  of  reflection.     This  result  however  only  showed  that  the 
tlsctrie  vibration  is  at  right  angles  to  the  plane  of  polarization  ; 
it  does  nol  Nettle  the  qneMlion  as  to  the  direction  of  vibration  of 
the  ether  in  a  beam  of  plane  polarized  light. 

Heriz  found  that  such  an  electromngnetic  wave  was  not  only  Befiaotli 
reflected  like  a  light  wave,  but  is  also  refracted  according  to  the         of 
same  law  of  refnvction.     An  immense  prism  of  pitch  having  an    Electrio 
isosceles  triangular  section  of  120  cms.  side,  and  a  refracting      Wave* 
angle    of    30^,   was    made   by   melting   pitch   into   a   wooden 
sLippurling  case.     The  prism  was  placed,   with   its  refnicting 
edge  vertical,  at  s  dletance  from  the  vibrator  of  2*6  metres, 
»nd  the  beam  was  made  incident  on  the  face  at  an  angle  of 
65°.     The  receiving  mirror  was  estinialed  2'5  metres  from  the 
prism  on  the  other  side,  and  showed    a   radiation   beginning. 
reaching  u  maximum,  and  fulling  off  to  zero,  al  deviation  ' 

1 1=  22°.  34°. 

The  experiments  were  repeated  with  the  focal  lines  of  the 
mirror  parallel,  nnd  practically  no  difference  iu  the  result  was 
observed. 

The  index  of  refraction  for  pilch  given  by  the  experiments 
was  l'C9,  which  nearly  agrees  with  the  iedex  1*5  to  I'G  found 
for  pitchy  subslauees  by  optical  experiments. 

Prof.  Oliver  Lodge  and  iJr.  Howard  have  made  observations  Lodge  ai 
on  the  concenlralion  of  mich  vibrations  by  means  of  lensea.t  Howard' 
Two  enormous  lensea  of  hyperbolic  cylindrical  figure  were  con-     Kxporf* 
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CONSTRUCTION  OF  LIGHTNING  CONDUCTOES 

importance  of  Biirfnce  in  n  lightning  condaclor  since,  in  h 
rapidly  varying  diaclinrge  the  current  is  praiilicfllly  confined  In 
the  SLitface  fltralum,  anil  the  superiority  from  this  point  of  view 

In  conneijuence  of  the  "cireulnr"  magnetization  of  an  iron 
wire  produced  by  a  current  along  it,  the  current  is  more  strictly 
conlined  to  ihe  Borface  than  in  a  copper  conductor,  so  that  the 
increase  of  Tesiatance  thus  produced  is  eufiicicnt  to  insure  a 
more  rapid  disiiipation  in  nn  iron  wire  of  comparatively  aina  11 
crosa- sec  lion,  Whether  it  would  be  safe  to  make  all  lightning 
conductors  according  to  this  principle  is  a  quenlion  about  which 
(here  is  considernble  difference  of  opinion  ;  but  there  can  be  no 
doubt  that  il  will  not  do  any  longer  tn  conalder  a  lightning  dis- 
charge as  a  mere  cnxe  of  ordinary  conduction  to  be  provided  for 
aimply  by  a  large  thickness  of  good  conducting  material. 

Il  has  been  found,  also,  by  V.  Bjerlmes  [EUetrieian,  Nov.  18, 
1892)  that  the  damping  out  of  oscillntionK,  excited  in  a  Hertzian 
resonator,  takes  place  more  quickly  when  the  resonator  is  made 
of  iron,  than  when  it  is  made  of  non-mngnetic  material.  This 
Bgrew  with  the  result  just  stated. 


i 


APPENDIX 


I.— ZONAL  SPHERICAL  HARMONICS. 

A  spherical  harmonic  may  be  defined   as   a   homogeneous   Spherica 

function  of  4r,y,  z  which  satisfies  Laplace*  s  equation.  ^'J^^^^ 

Defined 

Since  it  is  homogeneous  it  satisfies  also  the  relation 

taS+^a^  +  V.='''  •   •  •  ;  •  ^'^ 

if  n  be  the  degree  of  the  function. 

The  fundamental  equation  may  be  transformed  by  the  sub- 
stitution of  the  variables  r,  ^,  ^,  connected  with  x^^y  z  by  the 
equations 

;r  «  r  sin  ^  cos  </)  \ 

^  =  r  sin  ^  sin  </)  > (3) 

z  =  r  cos  6  ) 

Of  'these  6  may  be  regarded  as  the  co-latitude  and  </>  the 
longitude,  or  B  and  </>  may  be  taken  as  respectively  the  polar 
distance  and  right  ascension  of  the  point  x^  y,  z,  of  which  r 
is  in  both  cases  the  radius  vector  from  the  origin. 

When  these  substitutions  are  made  Laplace's  equation  be-    Laplace' 
comes  Equatio: 

r^n,_l_9^,±ia..^)»Z\  =  0  (4)     'oJ:^^ 

d^     ^  I  -  a^  d<b*  ^  BuV       ^-Bui      "      •     ^'      Mtes. 


APFESBIX 
Ei|uatiaii  (9)  becomes  pl«inl7 

TbslMt  result  givcB 


t 


denote 

KefineJ.     Uy(6)lhBequi 


Solienckl 

Surfkco 
Il&rmoni 


If  f  denote  a,  epberical  liannonie  of  dcgr j» ^  «•  «»r  mr.  • 

the  fomi  r"^,.     S^  in  •  fancttM  oC  C.  4^  hw  mc  ^r.  m^ 

lurface  bumwbc  at  ttgiM  »    h  mO^s 


-!:!:'-'''&  +  •!•  +  «.-•- 


It  ri&  denote  a  aplteric^l  hv 
denotea  a  epliericnl  liiimi«iuc  of 
this  we  hnve  only  to  notice  tlMt  i 
Sn  sutielies  (7),    Again  if  «e  dcni 


free  —  "■  +  |>.     lb  |«z:- 
it  b;  r.  s*  im« 


-  -  C«  +  I)r-C^Oi  = 


1)  1 !  if  n  be       Zonil 

oaa.  Surface 

Another  seriea  is  obtainable  by  putting  Wj  =  -  (h  +  1).    This  Hannonii 

and  ibe  former  multiplied  each  by  an  arbitrary  constant  and 

added  togetiier  give  the  complete  aolution  of  {8).* 

'tin  (10)  with  2n  !/S"(fi  I)'  BobotttulBd  for  A^  is  what 


a  called  ilie 


J 


1    III  ■!iiii  iifi 

Mt  Willi  tht« 

P)-l  n  pinrcn  bT  i  tbat  &  i< 

■KMriM.      It  M  dM  hlMl  Ek< 

'B!7V»ofniiw«c„..„. 

f  «Tit«  down  Ibe  xviut  lorfiff 

L-  f'>r  t^j  uEigned  Ttlne  of  *.    Thna  for  ralnc 


z-  =  ■■  — ^^-  ■ 


of  ^  tor  everr  -iegrep  from 


A  ni;T.*■i^•»i  uWe  of  tU  erf 
■:i!..-i:lii^d  Iv  Prof.  Perrv  for  v 
'  iv  ^?'  i'  siveo  at  the  oL;e  .->f 

Tne  forowirp  neth.d  of  defir.iT-c  a  ^"lld  sj.herical  Urmonic 
sdue  toC:erk  Maiwel!  (A7.  oi^  J/.jj.  Vd.  I.,CJi«p.  ii).  Let  »il 
■lectric  lioutplci  of  mi>rr,ert  ♦,  be  pljced  at  the  orip in  with  il> 
>ii#  in  any  dircLtion  the  lO-ints  of  wLu-h  ore  /,  x,  «,  tLiii  Iv 


ZONAL  SPHERICAL  HARMONICS 

(8)  p.  14  above  its  potential  ttt  the  jioint  (r,  y,  t)  at  dislMOL'e  r 
frotn  Uie  origin  is 

=  ..(,'-+..+.,;)^ 

If  tlien  tiie  operation  IBjBx  +  md/By  +  7i$jdt  be  denoled  bj 
rf/rf*!,  where  i,  is  a  diBtiiiice  along  the  aiia,  we  may  call  lliu 
operation  differentintion  with  respect  lo  the  axin  jj  and  we 
hiive  ' 

'■'-•■  i,6)-*'S »=' 

where  fi,  is  the  angle  between  the  direction   of  ^,  and  of  tlie 
line  diawn  from  the  origin  to  (x,  y,  i). 

With  rei^pect  to  thie  kind  cif  difTerenliution  we  may  nott<?e 
that  if  the  suffix  j  indicate  any  axis  whateyer  with  direction 
cosines  Ij,  aj,  nj,  and  fV  denote  the  cosine  of  the  angle  between 
the  axis  referred  to  and  the  lino  from  the  origin  lo  (r,  y,  :),  and 
X      the  cosine  of  the  angle  between  iho  axes,  we  have 

ir"' '"' 

Again  if  the  siiBix  jt  indicate  another  axis 

=i;{o'*+^."u+..".)-('/-+«.5+'..;').tJ 

=  i(Xj*-wf*) (15) 

Now  let  two  donbletB  of  momenta  -♦„  +♦,,  with  axes 
parallel  to  i.,  be  placed  with. their  centres  on  another  axle  A, at 
oiatances  —  \dif,  -f  ^8^,  from  the  origin,  the  potential  at  (x,j,  z) 
due  to  the  pair  of  doublets  is 


■-• >«as-^^ 


'■.-'- ■>-«.i^iG)- 


(18) 


tM  BMr  th«  4mMm  «r  tW  MMi  OTdct  w«  han  jnil 
npM*d  hnk  if^  b*  iiagtatiil  placvd  witk  efcug*  «t  diraetioii 
«^  ita  sMtra  M  ■  Aai  uia  J,  at  ■  diitwoe  ^Sa,  frotn  lb* 
Mi(ia,iaJiMaMal4o«UetMrihcMeMriMdecb«lof  opfoiiit 
MSB  fhwi  wilfc  te  ciBtw  «■  a«  MM*  UK  st  tfa«  Bane 
JialBii—  InM  tW  M%n  oa  Iha  ajp  iwla  aida.  Tlica  tke 
poteUkl  irf  Ikii  amagi— a  at  (« j.  ^  n 

If  we  diuisiah  M,  aad  itieraaae  *,  ao  thai  •^i,  temaim 
fiaite  aoil  «i{i)al  to  ^^'^  ire  get  a  dooMet  o(  tfae  third  Drdcr  al 
tba  orifpo  with  axea  4,,  i^  i^  wbkh  priidiK**  a  potaatial  *1 
i*,f,  :)  of  aiuvunt 

'■-'-'>-Tf-,s.a,4(-r)-  ■  •  ™ 

Proceeding  in  tliia  way  «ra  can  build  op  a  donblet  of  aaj 
I  order  a  wUbaieei,,  if,.. .Am-     The  potential prodooad  at  (r,jr,<) 

bj-  tbii  doublet  is 

■-..(-■)•,  }-^ '-..../ (IV 
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■     ■     (20') 
perfoiming 


■n (21) 

^here  ^  is  a  function  of  the  n  coainea  of  the  angles  between 
"  e  nies,  and  tlie  line  from  the  origin  to  (r,  y,  t)  and  of  the 
1—  l)/2  t'osines  between  the  different  pftira  of  the  asea.  Also 
,  obviously  sftti^fies  the  definilion  of  a  spherical  hnrnionic 

'  Tlie  Tslue  of  S.  cnn  be  fuund  by  eucceseive  agipticntioiis  of 
^14).    Thus 

'  rS,  ••  |/*i/»sfij  -  *  (mjXj,  +  /l,\,i  +  JljX,,) 

lie  eipresaion  [Mna 


e  general  surface  hat 

ml  Mag.  Vol.  1.  p.  188,  2ijd  Ed,] 


'-  2[(-  !)• 


2"-' 


!(«. 


,2(m"- 


■V) 


in  which  S(^"-SiX»)  dmotes  the  num  of  all  products  of  terms 
of  which  t  of  the  factora  are  different  cosines  \  with  double 
inffises  and  n-2t  factors  are  different  cosines  ^  with  single 
Bufflxei,  and  the  external  £  denotes  summation  for  all  valuea 
off  from  0  to  ^1.  It  is  clear,  since  the  suRix  of  each  axis  appears 
once  and  once  only  in  each  term,  being  brought  in  by  the 
differentiation  with  respect  to  that  axis,  that  if  there  he  a 
factors  with  double  sutbzea  in  any  term  there  must  be  ■  "  Za 
factors  in  the  same  term  with  single  suliiiea. 
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since  the  integral  yanisheB  at  the  superior  limit.    Hence,  taking 
the  two  first  terms  on  the  right  of  (28),  we  get 

2n  ^  dfin  ^^'^         ^  ^ 
Substituting  in  (28)  and  dividing  by  2«-^  (n  - 1)  I  we  find 

(ji^'-l)Z'n^nfAZn-nZn.l       ....      (29 

which  is  the  first  of  (80),  and  the  first  of  the  two  relations  used 
at  p.  273  to  obtain  (50)  and  (50').  We  can  still  more  easily 
prove  (50),  p.  273,  directly  ;  we  have 


829 


2«n  I  </^» 

=2-^^^T(bri[^^^ 

[by  (27)] 
^  nZn-l  +  fiZ'n-l (30) 


Hence 


Zn-l~l(Z'n-fiZ'n-\) 

n 


which  is  (50). 
The  other  relations  may  be  established  by  similar  processes. 


Pxjg^^  =  "-M^c-g»g'--'a-g"-) 


(•-")("»  +  "  + 0 
Tb  fnn  it  v*  ba*«  bjr  (8) 


HitltiplTUig  Ut*  Gret  of  ihese  b)r  Z.  tlie  second  hy  Zw,  lod  nib- 
tnetinfc»bMr<rii^thatii(H  +  1} -■>(■  +  !}=(«-.■)  (a-t-a+l). 


=  f  K1-»'')(^.^'--2-^'-)( 


vkkh  givM  (31)  kl  once  by  integratioD. 

If  Uie  inl»gisl  in  <3t)  b«  Uken  from  -  1  to  +  1,  tben 
1  -  ^'  —  0,  at  both  limila,  and  the  expression  on  the  riglit 
vuiishM  unless  either  n  =  n,  or  n  =  -  (m  +  I),  Ueoce  if 
neither  of  these  coiiditiona  is  fa  1  filled 


I 


f*X^,d^  =  Q p2) 


^^Mrivnl        We  «h«tl  now  giro  some  examples  of  the  iiie  of  epbericil 

H*nnonic   hamiunice  in  esnaneioDB.      First  we  shall  lake  the  expansion  of 

Kipan.     I  /'/-whsre   PP- it  t!)e  distance  of  a  point  P  from   anotlier 

point  F".      Lf>t  r,   r',  be  the  distanees  of  the  points  firom  tilt  _ 

origin,  ft  tli«  cosine  of  the  angle  POP",  tben  we  bave 

If  we  write  i  for  r'/r,  and  if  il<  I  we  can  expand  this  in  ^ 
ooQTergent  aeries  of  ascending  powers  of  A,      Bat  we  bnV 
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seen    that  Zn  is  the  coefficient  of  h^  in   the  expansion  of 
{\--2tih+h^'\.     Hence 


881 


^  =  l{Zo  +  Z,4  +  Z,A«  +  ....} 


(33) 


If  r'lr  >  1  we  have  only  to  put  h  =  rlr*  and  we  get 

-^  =  P  {^i  +  ^i*  +  z,*»  +  . . . .! .   .   .  (as-) 

By  means  of  this  result  the  potential  of  any  distribution 
whether  of  attracting  matter,  or  of  electricity  or  magnetism, 
can  be  expressed  in  a  series  of  zona]  harmonics. 

For  let  A  be  the  distribution,  P'  the  position  of  an  element, 
P  the  point  at  which  the  potential  is  to  be  found.    Then  taking 


Fio.  198. 


coordinates  from  an  origin  0,  r,r,  are  the  distances  OP,  0P\  Sphericnl 

and  fi  the  cosine  of  the  ongle  POP',   Hence  if  d^  is  an  element  Harmonic 

of  the  distribution  its  potential  is  Series  for 

^  Potential 

»_        JL_  of  any 

^  =  ^(^,  +  ^^*  +  Z^« +  ....).     .    .     (34)  pjen  Di.. 

FP        r  tnbution 


if  r  >  r',  and 


^  =  ^(/o  +  ^,*  +  ^,*' +  .••)•     •     .    (340 


if  r  >  r. 


APPENDIX 
Th«  toUl  p/itontikl  is  l)ius 

''  =  /^(^.  +  V'  +  ^t^'+ -■-■)) 

Xht<  inl*gn\  being  taken  throughout  the  distribution. 

1(  far  an*  pxn  of  the  distribution  r>r',  and  for  anotliei  pu' 
r<r',  tha  intogrttioa  must  be  divided  into  t<vo  correijiuodin- 
p«rts,>Mie  fur  which  h  =  r/>',  nnd  the  Other  for  whTi^)i  h  =  r'lr 

It  XOP'  be  denoted  by  ff,  ZOP  by  6,  and  the  angle  widcb 
tlie   plane  of   i"  and  the   nxi«  OZ  makes  with  a   fii^d  pli 
Ihrvxigli  llie  Alia  by  ^',  then  if  p  be  the  danaily  of  the  distrii 
Uon  at  F 


49-  pflslnffdff  d^'  dr\ 


TImtmh 


d  the  angle  wlucBH 
A-ith  a  fis^d  pUqfl 
litjr  of  the  dictrib^H 

lite  0  ami  w  for  «'fl 
)  the  aaperivr  lid^l 

greatly   facifitali^     \ 


%dA  the  integral  mnil  be  token  betireen 
and  2*  fut  ^",  and  0  and  r\  for  r',  where  r 
of  r  tar  given  valiioa  of  0  and  ffi. 

An  important  throrem  due  to  Legendre  greatly  facifital'. 
C«lc«l*ttons  of  poti^ntiali,  forces,  Ac,  for  tbe  caaeof  eyuiinrtrr 
round  an  axis.  Let  it  be  pnieibla  to  express  the  quanlitr, 
{•up]>oMd  to  aalisfy  Lnplare's  equation)  whioh  it  ia  desired  ii 
Mkulata^  tor  poiuts  along  the  axis  in  a  series  of  aacendini; 
wdwMWiing  lowers  of  t,  according  as  may  be  neceisar;  fur 
COIITemnM^  Time  for  potnls  un  tlia  aiis  let  the  iiuaiitilv 
Mvgbl  M  r*,  then  by  liypotlieaiH 

-  -  •  +  ?  +"^  +  5  +  . 


r.  -  m,  +  »\t  +  --H*  +  -'^  +  .  .  .  , 

We  <.-•■  tnm  llieae  exptudons  Hnd  the  value  of  r  for  any 
lioi»lnol<wtti««i:i»,sayatadi*tancef fromit,  If r'  =  %'.-'+ (» 
wvhar* 


m\Xt  +  «■,  V  +  '^J*  +  . 
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liat  is  we  liiive  only  to  Bubstitute  r  for  r,  and  multiply  tht 
Crms  of  coefficients  a„,  »„  &c.  by  tbe  zonut  HUrfaco  harmonica 
f  orders  icdlcRted  by  llie  Buffixes.  It  is  to  bo  obeerved  that 
he  eonal  surfnce  harmoniL's  are  clioaen  for  tiie  tcrmH  in  the  two 
eries,  so  tliut  in  each  case  the  terms  arc  the  succesaive  zonal 
oliil  harmonica,  in  the  first  eerieH  of  degrees  -1,  —2,  —3, 
tc,  in  the  second  of  degrees  0,  1,  2,  3.  &c.  These  involve  in 
lOtii  esses  the  snme  soecesaive  xurface  hnnnomce  of  orders 
^  1,  2,  3,  &c.,  according  to  the  theorem  proved  above  that  to 
very  solid  harmonic  f"5s,  of  degree  n,  there  correBponda 
mother  r-("+lW„  of  degree  -(u  +  l). 

in  example  take  the  case  of  a  nirc  bent  icto  a  circle  of   1 
a,  und  carrying  a  current  y.      The  magnetic  potential  at 

it  on  the   nsis  of  the  circle  nt  distance  :  frcni  the  centre 


„  =  2,ry(l 


: t expand  i 


il-J'^  +  a^  in  the  form  1-(1  +  a'/.-'J-*,  and 
1  descending  povera  of  t.    TliuB  we  tind 


0  for  points  taken  anywhere  we  get  from  (36)  a 


'..?i-a..^. 


id  (39) 
■)1 


10,  49,  above. 
WL.II. 


'«  ^  aM  d«v  ^  far  w;  fMS  M 1^  K 


ZONAL  SPHERICAL  HARMONICS 


M.   therefore  aii-i*/af»-i 


9"+!  ♦/ 

lerefon 

the  ilifferentiH 


P*/af»  =  0,  and  80  OD.     Hence  it  folli 

ions  are  commutative,  tlint  Sm+n^/Bi^flfn  =  u. 

Expressing  then  4  n.H  f{z,  ()  end  expiinding  by  Moclaurin'a 
theorem,  denoting  values  of  4>,  9$/9z,  &c.,  for  pointe  at  the  origin 
ij  the  suffix  0,  we  get 

,    ,     a*    ,   ,3*    ,      1    /.a'*    ,    ,,3'*    ,    ..,d'*\ 

*"  +  ■■ar„  +  ^ac,  +  172  V' V«„  +  "^Blac  +  ^■3^) 

+  &c.  =  0 

nnoe  dl  tlie  differeatial  coofiicientH  vanish. 

•nee  ♦  =  0,  everywhere,  which  proves  iliat  f/  cannot  differ 
from  r. 

It  is  short  n  above,  p.  274,  that 


(_I)i+i(i  _!),„'/ 


i-f+2 


"  3.r< 


is  a  zonal  liarroonic  of  order  i,  iC  =  fir,  and 
i^  •=  V*«  -J-  a*  —  «.  The  eveluution  of  these  integrnls  is  of 
great  importance  for  the  calculation  of  the  inductances  ot  coils,  i 
BOd  by  this  theorem  they  can  bo  obtained  at  once  by  simply  J 
ifinding  the  Bucceesive  differential  coeHicieDtH  of  .^.  As  promised 
ive  give  here  the  first  eleven  difforentisl  coefficients,  It  may  bo 
noted  that  they  can  ba  wiitlen  down  with  great  facility  from  the 
cxpreasions  for  the  successive  zonal  harmonics  by  the 
B(]Qntion 


(-I)'-+i{i-l)! 


^  a'+i^^ 


AFtTSDlX 

3^  L 


,^-  =  -  ■!- .  ■-'-■ .  T  .  :■'/->  4fi|!*,'j--  -  ^T51'V  ,-  -t-  5i''5t  ':■' 


^    TABLE  OF  ZONAL  3PHEK1CAL  HARMONICS 
(Pn>r.  Peny,  FMl.  Mag.  Dec.  1891      See  also  p.  824  ■bove). 
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METHOD  OF  LEAST  SQUARES 


II. 

ER0R8  OP  OBSERVATION  AND  THE  COSIBINATION 
OF  EXPERIMENTAL  RESULTS. 
'  All  obserrntions  of  physknl  qiiantilica  are  eiibject  to  two 
Iciads  of  errors,  (1)  constant  and  therefore  nvoidnble  errors,  (S) 
errorH  wbieh  are  due  to  the  inherent  innccuracy  of  observation, 
and  which  may  be  aaid  to  be  accidentnl. 

Among  the  former  ore  errora  dre  to  sorae  cause  which  affecte 
all  the  operationH  of  n  certain  clasa  to  the  same  extent,  for 
example,  a  constant  wind  blowin)^  across  a  rifle-range,  the 
personal  equation  of  an  observer,  or  the  sero-error  of  the  scale 
of  an  instrament.  The  latter  comprise  errors  such  as  those 
produced  in  striking  a  target  by  inevitable  inaccuracies  of  aim, 
errors  in  reading  the  scale  of  an  instrument  through  inaccuracy 
uf  setting  or  of  eatitnatioa  of  fractions  of  a  division,  &c. 

The  former  cIbmb  of  crrore  can  in  general  be  very  exactly 
elimioated  from  all  oliservations.  and  we  sIirII  not  discuss  them. 
The  latter  class  being  regnlaled  by  no  one  definite  physical 
cause  are  as  liable  tn  be  errors  of  defect  as  of  excess,  that  is, 
[lositive  errors  nro  as  probable  in  (he  mathematical  sense  as  are 
negative  errors.  By  this  wo  mean  that  in  a  large  number  of 
observations  of  a  quantity,  the  true  value  of  which  is  accurately 
known,  the  differences  between  the  true  value  and  the  observed 
vnlues  would  be  fairly  equally  distributed  on  the  two  rides  o£ 
the  former.  Further  in  all  uuch  cases  it  is  matter  uf  common 
oliservution  tliat  srrors  occur  with  less  frequency  the  greater 
their  magnitude,  and  that  very  large  errors  hardly  occur  at  nil. 

Experience  shows  in  fnct  that  accidental  errors  of  observation 
are  distributed  according  to  a  certain  law,  which  may  be 
deduced  by  an  iipplicalion  uf  the  theory  of  probaltilities,  in 
the  following  niiinner,»  We  aBSume  that  the  probability  of  ii 
negative  error  is  equal  to  that  of  a  positive  error  of  the  same 
magnitude.  Honce  the  probability  of  an  error  of  miignitude 
X  must  be  an  even  function  of  x.  Thus  the  probability  of  an 
error  between  s  and  s-\-  dr  (or,  briefly,  tj/"  an  error  i)  is  ^(jt^rf/. 
But  the  error  lies  between  -co  and  -|-  «> ,  and  hence 


Nature  of 
Errors  of 


I 


Distri- 
liutioD  of 
Accidental 


-         J 

he  elementary  ^| 


KKRORS  OF  OBSERVATIOS 

Foim  Tlie  fomi  of  the  fuDCtiun  tp  may  be  found  in  ilie  follo«M|, 

.  at  Krror  innnner.  Let  two  ssee,  one  verlicsl,  tbe  utiier  bnriiontal  Ml 
I  ynnotion.  ruled  through  tlie  middle  of  the  buire  eye  of  a  tnrgeL  Tb« 
chance  that  n  shot  will  strike  at  a  distance  between  r  and 
T-i-di:  from  the  vertical  axis  ia  <p{x^)d^,  and  that  it  will  cliik< 
lit  a  distance  between  J  and  y+ rfji  from  the  horizontal  ilii  ii 
iply°)dv.  Hence  the  probabrlily  that  the  shot  will  strike  *t  i 
point  fuHitliog  borb  conditiona  ia  4(x<)^(/)i/Ta[r.  This  U  tbe 
probability  that  the  ehot  will  strike  the  arnall  area  tUify.  But 
this  louet  be  the  aame  for  an  oiinal  small  tir«a  nt  the  sanie  pif^t 
whatever  pair  of  rectangular  axes  through  tlie  centre  of  iIm 
target  are  chosen.  IE  tlierefore  x',  y  be  coordinates  of  tlu 
point  fx,  y)  when  referred  to  another  pair  of  aaes  wa  miwi 

Thia  is  a  functional  equation  of  which  tbe  solution  is 
where  J  and  ni  ore  conatants.    The  Tolue  of  w  muat  be  n«gsii' 


\^A.')l,..l\, 


Hence  \>y  the  well-known  llieureiii  that 


/.— ,^H 


H-^yiniY         The  (|UBntity  h  is  called  the  measure  of  precision  of  the 
of  Pn-     serrations.     For  tiike  two  erron  of  equal  probability  in  t' 
eidoti.      different  aets  of  obaervations  for  which  this  constant  Iins  i 
values  4,  A',  we  have 


/".-»W(»,)-  f'',->'.V{<'^0 


METHOD  OK  LEAST  SQUARES 

TliiiH  tlie  two  probnbilities  ure  (;(|ub1  \t  hx  r=  i'r',  tl> 
ttrorH  arc  inversely  proportional  lo  i.  A'. 

The  probability  P  tlint  iin  urror  liwa  between  x  n 
therefore  given  by 


Tlie  probnbilily  that  ii 


/:-"'■' 


is  called  llie  probability  infegrul,  nnd  tables  uf  its   values  are 
iipven  in  treatiees  on  Errors  of  Ohtenalion. 

We  h1i>11  DOW  apply  lliis  theory  to  the  reduction  of  the  re-   CoinUa 
HultB  of  observation.      Generally  Bpeaking  the  quantitiaa,  the  „*'"?''! 
values  of  whipli  are  pought,  j^,r^...,  f .   Im  in  number^  say,     J!?"  JSj 
lire  not  those  directly  observed,  but  are  connected   willi   the    "™*"1 
tatter   by   known   relations  or   ahiiereatmial   equations,   just  as       '"o"-! 
tnany  in  number  as  tiiere  are  cibEervations.     If  the  obaervations 
■were  perfectly  accurate  anil  were  h(  >  ni)  in  number,  ihe  values 
of  f„  X,,. ..  .^n.  could  be  found  from  nny   m  of  them  ;  but  as 
inaccuracy  cannot   be  avoided,   a    much    larger  number   n    of 
observations  is  generally  made  than  there  are  of  ouantitiea  tobe 
determined,  and  the  nobiervalional  f^uiflioiiiwliichthese  give  are 
reduced  to  «  by  some  process  of  combination.     Thnt  usually 
adopted   s  derived  as  foUows  : — 

Let  the  observed  quantities  be  M,,  M^...,  ifn  and 


/,('i 


be  the  (tm  values  of  the  qii 
<#„  J-j. .  . .  ,  Im)  sought.    Tl 


.),/.C.^i.'„...  ■'-),.■  ■■/-('; 
II ant i ties  observed  in 


temiB  of  those 


-  .V,  =  f 


M^i, 


r„)  -  M„  ^ 


Now  we  can  never  know  in  any  case  whnt  the  errors  actually  Method  of" 
are.       We    may   however  inquire  whnt   is   the  moat  probable       Least 

system  of  errors,  and  find  accordingly  r,,  ,r, j-,  from  the    Sqimres. 

observed  values  at  3f,,  Mj,  . . . ,  Afn.     If  the  observations  aio  all 
of  the  same  degree  of  precision,  that  is,  are  made  with  equally 


ERRdRS  OF  0B8ERTATI0K 


rl  witli  Ibc  same  degree  of  c«o  tai  pn- 
ckutioD  in  every  cose,  Ihe  probnbiliticB  ot  the  several  etna  1,1 
«n  -  - .  I  fa  ire  proportionnl  to 

knd  the  prob.ibihty  of  this  system  of  errors  to  tt.e  product  ot 
these  seveml  probabilities  or  to  i-n--*'*-*''^. 

This  has  its  maximum  value  when  ie'  or  <,'  -(*  **'  ~t~  -  ■  ~^  *■'' 
regarded  a«  variable,  is  a  tninimnni.  The  most  probable  Bfalctn 
of  values  of  j„  i-.  . . . .  j«  is  therefore  that  deduced  from  ihiw 
of /i. /b  ■  ■  , /«.  "hioU  fulfil  this  cordilion.  We  shall  now 
■bow  how  this  condition  enables  the  n  obeenn^ona!  equatioul 
to  be  combined  in  «i  equations  in  r,,  j-„  ...,  j-b.  Tlicse 
^nerally  c.tUed  the  nonnni  equiitions. 

Since  th6  system  of  errors  of  greatest  probabilil;  is  adoptrf' 
instead  of  tlie  actual  syatem,  we  shftll  now  denote  the  erron  \~' 
f„  To,  ... ,  r.,  and  call  them  reniiuaU. 
I,       Sijiuiiii>g  bolli  sides  of  eiiuatioiis  (4)  nnd  adding  we  oblaiD 


;.'!.-, 


.1/;- 


r+iv+-- 


.  +  ..„  i/„ 


'J'hii>    \NC    havt-    the    r  :'•-  t      :   ::.. 


*• 


^♦i)  h>i  the  (:u&mt\tnt  I'f  s-  ir.  tf"':  e'.'  '•'"  .  •  ■"  :  ■'  -'••^■•i  •..--»- i^- 
</??'/  equate  to  zerv  for  t/\*  n»>*  <"y  '.?'-'  2;  t'-'*  .  ■-  '■>•»  '•''  V' 
^*anif.  member  of  (och  ^nu'ifi'i,  f-r  •■'  fi.  :•.-•••  *».r..,#^:  -' .-^  1  'i.* 
snme,  add  the  re<nltif  t^'^jfther,  tj^'i  /•. t-.v  '.  i^-  /' "  ••<  *^-  .•■ 
equation:  and  so  ent. 

As  an  example  we  take  the  'li**.  -.f  t-x      -r-ir.':-=r    .iir  .*.■*•-. 
j^ji  .Tj,  coimected  with  the  obseni ::•.•:>  t.v  -.it  r  .i-:.  .1* 

a^.  -f-  ^-    -  -V.  =  r.    f 


a,^i  -I-  ^'.  -  J/,  =  -, ; 


\ 


Then  forininf'  the  n 'rnial  e.ua'i:r.« 


iL  : 


Me  get 


•^1  = 


r^  = 


2a.2.V- *2/iiJ/) 

2a  -  —  »2  «r  f 

Za.Za.V    -  2<r  .2J/ 
2a  -  -  .-^Ic- 


^ 


If,  as  in  inany  phyfeit.al  exr^-Hrr.er.'*.  c.  =  • ,  ir-:  i^  r.,  u,. 
he  in  arithmetic  progres.^ion.  :h*  fr^-itf.r.  f-.-.-.  I-***!*  i:  --*r«*  t. 
the  rules  of  comhiiiati'-n  piveL  4t  pi.  »-t.  ^-!  tCv"?*  li  ■:  .-i«<.tj;!: 
Avith  ohfervations  of  the  period  -f  rvn.t:  -  '.f  a  :iaz-:i*r. 

It  is  easy  to  show  that  thi^  pr''<:***  gi^r^  »  tr.*  s.'*':  ;'.c- 
able  value  of  a  sinpie  quar.t;ty  u  t;:L«  <5ir*<:*lT  '-.  ••t^-t-*!*,  ti* 
arithmetic  mean  of  the  n  o*  Htrvrd  Tire*.     F:*  v*  Iat*   ".rlj 

to  put/ for  the  «iDanuty  to  fcf-  f.uL-d.  ir.-i  .V^.  J^. J/",  ;,r  T.^ 

observed  values.     We  get  th<^r. 

(/  -  -V,)-  +  '/  -  .»A.  -  +  . . .  -r  (/  -  Jir^ i  -  I  =:!---.  •.^. 

that  is, 

/-  .1/1  -h/  -  .V,  -f . ..  +/  -  J^«  =  0 


Thus  the  most  probable  va'c^  c£  /  k  th*  irhhsi 
J/^,  J/g, .  .  .  J/,.    Th^  f#r4in*fy  frnpve  n>  x 
therefore  coincidea  with  that  giveii  bj  tfc* 

When  resultH  of  obienratioD  aje  4if  di£t9«,t 
cision  they  are  ''weighted"*  bj  benf  tatk 
factor  which  depends  npon  tbe  decree  ii 


L-      •/ 


'.I 


4  .. 


**-• 


S-*!* 


ay 

liri  •ill 


EEROBS  OF  OBSERVATIOX 


Imve.  For  example,  if  3i,,  .' 
lie  at  different  degreca  of  pi 
eiglited  by  being  nmltiiiHcd  n 
,  (fa,  and  tve  sliould  lia' 


oba«mliaas  ftrt  eiipiiosed  1< 
. . .  31^  in  Uic  last  eiiunple 
cision,  t)<ev  woalil  liaTe  to  be 
npectively  by  wciglilc  w,,  tc^ 
of  (10) 

«-,-(-«■,  +  :.. +  »^, 

This  is  called  the  general  mean. 

The  methiHl  generally  resorted  to  in  assigning  »  . 
obeerrations  depends  on  llie  determination  of  what  in  ca11«<1  A 
jirobahU  error  oT  e«ch  reaalt.  Tliie  ia  the  error  of  prob»hilit]Fjf 
that  is  to  say,  it  is  jast  as  probable  that  the  error  of  the  iimbI 
19  less  than  this  as  that  it  ia  greater.  Thus  the  probable  errorfl 
tlie  value  of  ;■  in  the  efguatioi 


''%t 


■y«. 


This  equation  con  be  solved  by  interpolalio 
vulnes  of  the  probability  integral  and  gives 


Series  of 
Obserra- 


The  probable  error  is  thus  inversely  proportional  to  k. 

When  ft  aeries  of  observaiions  n  in  number  is  made,  the  ptgt- 
able  error  P  of  the  result  ia  found  in  the  following  manner 
The  probability  of  the  system  of  errors  e„  .■, ira  is 

p.   ^_(<,)%-w.'  +  v*..  <-.=)   ...    (II 

Now  if  the  observulions  have  been  made  with  all  poisi'>' 
'  care  so  as  to  have  as  great  a  degree  of  precieiOD  ss  was  possil'l' 
that  is,  to  have  us  email  a  probable  error  as  possible  consiafii 
with  tlio  given  system  of  errors,  we  must  assign  !o  4  sntli 
value  as  to  make  P  in  (8)  ft  maximum,  Difierentiatiog  P 
with  respect  to  h  and  equating  to  zero,  we  find 


I'robuble 
Error  of 
Single 
ObssTva- 


nP 


2«(«3) .  P  = 


METHOD  OF  LEAST  SyUARES 


■07,5  y» 

IK  of  tlio  true 
I  ol  the  reeid 
e  number  of 

«.')-2(«')(l-;)- 


2(8*),  the  BUin  of  the  squnreK  of  tho  true  errors,  is  greater  than 
!(«'),  tiie  sam  of  the  squares  of  the  reeidual  errors,  and  the  dif- 
Iwence  is  leee  the  greater  the  number  of  obHervatlone.  As  an 
BproxiiD&tion  it  is  usual  to  put 


r  -  -0745 


yg 


(13) 


» 


is  called  tlie  prohubU  error  of  a  siugle  obxetvatiun  of  a 
single  quantity  directly  obgerved.  The  quuntily  'v'2(e')/(n  — 1) 
is  called  the  mtan  error. 

If  3f,,  Jlfj,  . . .,  JTh  be  II  obtained  values  of  the  same  qunatity,  Fraten 
tlie  probable  error  of  the  urithmetie  menn  can  be  found.  For  Krror  ol 
if  we  take  r,,  Sj.  .  .  .,tn  Be  the  differences  between  the  observed  Arith- 
quftntities  and  the  arithmetic  megm,  the  probability  of  the  aritli-  .^"'"^ 
luetic  tnean  is  tlie  product,  P,  of  the  pro bubili tics  of  this  system 
of  residual  errors.    Thus  vte  hnve 

Now  let  some  other  quantity  differing  ftom  the  iiiithmctic 
inean  by  an  amount  d  bo  taken  aa  the  quantity  sought.  Then 
instead  of  ij,  i^  .  .  .,  ;»  we  ahull  have  for  residual  errors 
i|  +  8,  /a  +  *,  .  .  .,  i»  +  fl.  Thus  for  the  probabilily  of  this 
system  of  residuals  we  get 


» 


=  A'(_,hy« 


-I'K's' 


Tliis  slAtes  that  the  probability  of  the  arithinetio  mean  is  to 
thnt  of  the  other  system  o£  errors,  or  the  probabilities  of  errors 
zero  and  i  in  the  arithmetic  mean  are,  as  1 :  <-"*^.     The  prob- 


a  single  obseTTstion  is  to  that  of  a 


M^pr  OBSEKYATiON 


■M  Uie  mi]»»iue  of  prccinoD  iii  t 
■  ti  Vh  times  that  of  s  single  nb" 


V  i.<.  -  11 


W*  Wtc  ••  syae*  to  dc*l  with  ll>a  ((uesiioii  of  tli«  irdgliti  v< 
W  am$«*4  «W«  fFWihi  «f  obwrrmtiom  ur  uf  ilifferenl  «»Ie  ( 
iitmwiriiMWt  «f  ^iBiwt  ilegw*«  (•f  precwkin.  are  to  be  oii;- 
bteaA  1W  C«Mnl  T«fe  ■■  tA  M«jga  to  ili«  KBiilH  wiH^'r' 
MMCnitj  (BfMtiMid  ta  the  aqwes  of  the  probable  errors 
Ik*  I— lain,  ThM*  weigfaw  m  obtuii«d  bv  the  folio" i: . 
ni*  <V  A*  t— ■litiiil  s^.  «^  . .  .  f_  of  eqnuiooi  (7).    Dm  ' 

, t  OS  tb«  tigMt  of  tbe  adevcsnre  normal  eijaBiJu'.' 

■klF  J,.  J^ k  nspvctiTclj,  and  let  tbcoe  cqiutiuiu  suh": 


-  »,  J.  +  Ml  + 


night  of  ^  =«  ~,  wughl  «f  ^,  =1  - 


yjM^  Hack  obMrrMtM 

^^^  B«Meft  we  obtain 

^^^  From  ibes«  the  f 


«a»A      Tlw  MMB  «noM  «f  j^  jr^  ....  xn  are  eqoal  each  to  tbe  a'- 
HiWIi   cnmr  at  •  imsk  afcaarraUf  ^Tklnl  hr  the  •qvara  roof  ol  ^ 
E>Mm«(    wwckt  of  tb«  ^iMWilj  n  qMctwo.    Bol  the  mean  cvror    f 
^^  *n^  oha«rr«tio«  w  tut  c«m  dm;  be  diovn  to  be 


From  these  the  probable  errore  of  ^r^  r 
mnitiplying  by  ifae  (actor  •6745. 


METHOD  OF  LEAST  SQUARES 


84 


As  an  example  the  following  case  (due  to  Gauss)  of  four  ob-  Ezan 
servational  equations  for  three  quantities  may  be  taken.     [Of 
course  the  theory  gives  good  results  only  when  there  is  a  large 
number  of  observational  equations,  but  the  present  example 
shows  very  well  the  mode  of  proceeding.] 

.r.  -  y  +  2^;  -  3  =0 
3x  +  2y  -  6r  -  5  =0, 
4x  +y  +4^  -  21  =  0, 
-  a-  -I-  3y  +  32r  -  14  =  0. 
The  normal  equations  are 

27ar  +    Gy  -     88  =  0, 

6jr  -I-  16y  +  J       -     70  =  0, 

y  +  b4z  -107  =  0, 

from  w^hich  the  most  probable  values  of  3r,y,  Zj  are  obtained,  pir. 
.  =  41154  ^  2.470,^  =  2617  ^  3.3^^^  ,=  12707=  1-916. 


19899 


737 


6633 


The  weights  of  ar,  y,  z,  determined  as  described  above    are 
respectively 

1^  =  24-697,  ^  =  13-648,  ^^^1  =  63-927. 
o09  54  41 

The  residual  errors  given  by  these  values  of  x,  y,  Zj  are  given 
in  the  following  table  : — 


No. 

1 

V 

1 

-  0-249 

00620 

2 

-  0068 

0-0046 

3 

+  0-096 

00090 

4 

-0-069 

0-0048 

2(r-0  =  -0804 

HI.  NOTE  ON  EQUATIONS  [80).  (81),  PAGE  242. 

follows  by  the  eijuntiona  of  electromolivo  force  (33), 
19,  thftl  there  must  exist  in  the  function  from  wlncli  tlie 
romotive  forces  «re  foand  by  Lagranga'a  eqiiationB  a  term 

re  H,   p,  y  are  the  time  integraia,  from  some  zero  of 
Dning  of  the  componentB  ii,  p,  w,  of  the   total  current 
ilauetjient  current  -f~  conduction  current), 
the  medium  is  an  insulator  «,  t, »  =  /,  j,  k,  and  the  terra  is 

-  ii'Atin  -  «)  +*"  -/!■)  +  K/f  -1'% 

Denoting  the  term  by  i  we  find  for  the  ^-component  of 
tromotive  force  depending  upon  it  in  the  6rst  caee 


1  the  second 


"-■-9)  +  ¥v.{^  -  V$)   ■     («) 


■  7/  ^'  +  3?  =  '■W^i'  -  ^^^  +  ^''"^  '  '•^^  ■    (*> 


9/~ 


ilnriy  for  the  other  componentB,* 
lio  Grat  terra  in  each  caae  refers  to   the   Uall  effect,   the 
a  an  el eut romotive  force  which  haa  not  been  observed. 
estimate    of    the    amount    of    thia    force    ia    given    by 
J.  Thomiion  ( Appliratioiit  of  Dynamicf,  &C.)  which  ehowa 
that  it  ia  probably  much  Loo  email  to  be  ever  observed. 

In  the  CB«e  of  an  insulator  the  resultant  electric  force  due  to 
the  Hecond  term  in  {b)  is  at  right  angles  to  the  jilane  through 
the  direction  of  tlie  electric  force  and  that  in  which  the 
magnetic  force  varies  moat  rapidly  wilh  the  time.  The  magni- 
tude of  the  force  is  )e'/iAD  sin  6,  where  D  is  the  greatest  time- 
rale  of  chnnge  of  the  magnetic  force,  S  the  electric  displuce- 
neut,  aid  6  the  angle  between  fi  and  D. 


rxhc 


m  was  first  pointed  out  by  Prof.  Fitigeiald, 


The  elcctroinutive  torcra  in  (d)  nml  (J)  fall  ro  be 
tlie  cuiiiponeniB  given  at  \i.  101,  to  render  tlirse  iiK^rn  EoupM 
It  is  not  imposaible  that   lliore   may   be   utlier   ten  "* 

Ligrongiiin  Tunction  as  yet  unrevealed. 


IV.    NOTE  ON  if,  PAGE  192. 

The  attttement  in  lines  4,  6,  6,  that  "  ^  mny  be  taken  > 
potealial  of  any  electrostntjc  diatriUution  which  rnny  eiiii 
liie  field,*'  requires  corrci'lion  when  the  ec|iiati(iDs  refer 
moving  conductors.  In  tliia  latter  rnae,  as  has  been  poici 
out  by  J.  J.  Thomson  (Maiwell's  EUelrieitg  and  Maffntt^r 
Vol.  II.  p.  260),  +■  OLiglit  to  be  taken  as  including  bolb  ll 
electroatatic  potential  and  the  term  Fi  +  G^  +  Hi  wlticb  fi 
left  out  of  account  in  tlie  tnndn  of   proving  the  t^iiuatioMil 

l»e  force  ndopted  nt  p,   191.    Tbia  term  disr 

ntegralcil  round  ii  closed  circuit. 


V.   NOTE  ON  PAGE  329. 


Proof  of  t/.r  fgu„:i<,>, 

•liich  lioUlt  irlifn  i  i«  v«rf)  grmt.  j 

It  is  easy  to  see  from  p.  330  that  I 

'  i  =  V—  I.     Also  by  the  differential  eqtiation  satiH6ed  bf  J,  I 


APPENDIX 
Mbich  when  z  is  very  great  becomes 

A  solution  of  this  is  of  course 

yJz  =  A  cos  z  •\-  B  %\VL  r, 


851 


I 


^*od  (Todbunler,  The  Functions  of  Laplace,  &c.,  p.  311)  it  can  be 
pthown  that A^  £  =^  *Jv, 

i 

If  now  we  put  2isfx  for  z  in  the  last  result,  we  find  since 

Vi-^a  +  iv^j, 

^n(l  +  i)xk(p(x)  =  cos  2»Vi  +  sin  2i  ^2. 

"When   exponential  values  are  substituted  for    cos  2/Vjr  and 
grin  2t  ^,  this  gives 


or 


t 
I 


<^(:r)  =  €^^»/(2  V;^ari). 


r 


3  I  2 


■P 

^^^^^^^^^^^^H 

j^^^^^^^^^^^^^^^^^^^B^H 

L 
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VI,  Table  ro»  the  Calculation  o»  thr  Mctcai.  I)iDir<,TA>«tH 

or  Two  Coaxial  Ci&clg:;  op  Radii  a,  a",  akd  Dutascce  irutH 

Cnlcnlited  fcr  inter™ls  of  a'  in  tho  y«Im  of                                | 

ow-MN'(a-o 

}»+6V.'<''-H''')"-^*'}  from  60*  10  90".        _ 

"•■T-fe 

'•"1^- 

i«.      " 

eO°    0'     ■4891783 

84"    0-I-610H72 

68"   O'T-720»lft 

6'  -BoaaBSi 

6'  1-6128998 

6'  I-7330«U 

ir    -GO506O5 

12'  1-6166522 

la-  I-72t8!H 

18'    'S078315 

18'  I-8I84042 

U'  ■72sesu 

S*'    ■61061 78 

34'  1-8311560 

24'    ISISW* 

80'    'Bl  38989 

30'  I-ea3W76 

30'    -7Hl!It 

88'    -5181791 

88'  1-8266689 

86'    ■7868(71. 

iv  -eisgBsa 

42'  1-6294101 

4!*    7398t!i: 

48'    -6317861 

48'  1-6321812 

46'    -7t34UI 

et'    -SIIBISS 

64'  1-6349121 

64'    -7453111 

81°    0'    -5372888 

66*    0' 1-6376629 

68*   0'    74rWtt 

6'    -5800828 

8'  1-6404187 

6'    '7507»r 

IV    ■6328391 

12'  1-6431845 

12*    -7695811 

18'    ■B3Bfla84 

18'  I-645D163 

IS'    756S11I 

S4'     -6383796 

24'  1-6488660 

S4'    -7690MI 

BO'     5411498 

30'T-6514I69 

80'  -remu 

S8'    -5439190 

30' 1-6641878 

86'     7648EK 

42'     -6488872 

43'  I  6BB9189 

4a'l7674Si>S 

48'    ■5494646 

48'  1-6696701 

48'    '7703tlS   , 

64'    -6622209 

54'  I-662421B 

54'    '7730114 

82*   0'    ■654S894 

68'    0' I  6661732 

TO"    0'    .77680M 

6'    -5677510 

6'  1-6679250 

6'  I-77B5M 

13'    -5606147 

12' 1-6706772 

11'    -7B18M 

18'    -6832778 

18'  I-67342U6 

18'    -784174 

24'  1-566(1398 

34'    -8761824 

24'    -786971 

30'  1-6888011 

30'    -6789356 

80'  -7s>:8a 

88'    -S716618 

36'     -6816891 

38'  -r>u« 

42'    -5743217 

43'    -68444S1 

4S'    -795811 

48'    -677O80B 

48'    -6871976 

48;  179817 

54'    -S798394 

64'    -8899536 

flS-   0'    ■6825973 

87'    0'   -6937081 

71"    0-    ■80(78 

6'     -68B3546 

6'    -6964642 

6'    -SOtSt 

12'     -6881113 

12'    -8983  09 

la*    '80941 

18'    -5908675 

18'    -7009782 

E4'    ■5936281 

24'    -7087363 

24'    -SUO* 

30'    -6983783 

30'     7064949 

30'    ■81786 

36'    -5991322 

36'    -7093544 

36'    -eSMS 

42'    -8018871 

42-    ■7120146 

tV    -62360 

48'     6048408 

48'    ■7147766 

48'     82633 

64'    -8078942 

64'    -7175375 

64'    -82918 

g 

1^^^ 

^^^H 
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Tl 

BH  FOR  TBS  CAtflBLiTION   or  THB   MoT 

AI.   InB 

^..cM,,                      1 

Two  Coaxial  Circles  of  Radii  a 

o'— ro«(inu«i. 

-•^     1    ■"•■•^. 

i<ir. 

73"   0'    -8319887 

78-    0'    -9482196 

60*    0 

'0741816 

8'    -8848316 

e'    -9B12205 

6 

'077B316 

la-  -ssreess 

12'     -9B42273 

12 

'0808944 

IS'    -8405099 

18'     9672400 

18 

-0842703 

S4'    -84S8634 

24'    -9602590 

24 

'0876592 

SO'    '8461998 

SO'    -9632841 

30 

0910619 

86'    -8490493 

36'    -96SS1E7 

36 

-0944784 

49'    -8519018 

42'    -9693537 

42 

■0979091 

48'    ssirsrii 

48'    -9723988 

48 

-1013542 

M'    -8678164 

64'     -9764497 

64 

'1048143 

73'    0'    -8604785 

77°    0'    -9785079 

81-    0 

'1082898 

6'    '8633440 

6'    ■B8]6731 

8 

'1117799 

13'    '8682139 

12'    -9846454 

12 

-1152863 

18'    '8690852 

18'    -9877248 

18 

■1188088 

24'     -8719611 

24'    -9908118 

24 

-1223481 

BO"    -8748408 

80'    -9939062 

80 

■1269043 

36"    -8777237 

36'    '9B70082 

36 

'1294778 

43'    '8806106 

42'    '0001181 

42 

-1330891 

48'    '8836013 

48'    '0032359 

48 

'1366786 

54'  T'88e3»58 

54'     -0063618 

54 

-1403087 

74°    0'     '8892943 

78"    0'    -0004959 

82°    0 

-1439539 

6'     '8921989 

6'    ■0128386 

8 

-1476207 

IS'    -8951036 

12'    -0167896 

12 

'1613076 

18'    -8980144 

18'    -0189494 

18 

■1650146 

94'    -9009295 

24'    -0221181 

24 

-1687434 

80-    -903848B 

80'    -0252959 

SO 

■1024936 

36'    -9087728 

88'    -0284830 

88 

-1662858 

42'    -9097012 

42'    -0316794 

42 

■1700809 

48'     -9128341 

48'    -0348856 

48 

■1788794 

64'    'P166717 

B4'    -0381014 

64 

■1777219 

76'   0'    '9185141 

79°    0'    -0413273 

83'   0 

■1816890 

^     6'    -9214613 

8'      0445633 

8 

-1854816 

K.1S'    -9244185 

13'    '0478098 

12 

■1894001 

■le'    -9273707 

18'    -0510668 

18 

-1938466 

■i4'    -9303330 

24'    -0513347 

24 

-1973184 

B90'    -9333005 

30'    -0676136 

30 

'2013197 

^nS'     9362733 

36'    -0809037 

36 

-2053S02 

B'*S'    '0892515 

42'    -0642064 

42 

-2094108 

nU'     9422362 

48'    '0875187 

48 

■2135026 

^b«'    -9452246 

54'    -0708441 

51 

■217B269 

^ 

[planslion  of  notation  refer  to  Section  III.j  Cliapter 
re).  It  CBD  be  shown  that  if  Cti  be  tijo  current  at  the  axis 
wire  and  C'tf  the  current  at  distance  r  from  the  axia,  for  N 
oda  per  second,  and  6=2ttNt 

C-N=  Cw(bor}Costf-bei'?Bin^. 
copper  carrying  an  alternating  current  of  80  periodit  per 
I,  tli«  column  below  beaded  q  may  be  taken  as  contnininK 
iiametere  of  the  wires ;  and  in  respect  to  the  distribution  of 
Burreilt  thruiigb  the  wire  expressed  by  the  fiirmulu  abovo,^ 
Ijr  be  taken  an  the  tliameter  of  tlie  cylindrio  shell  in  whi~'~ 
current  density  is  to  be  cdculaied. 

TABLE  OF  NUMERICAL  VALUES. 
(Calculated  fur  Lord  Kelvin  \,y  Mr.  M.  Macleon.) 
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7-3SMt 

(From  a  Report  to  the  Preaident  of  tlie  Board  of  Trade, 
dated  NovemWr  29,  1892.  These  reBolutioD!)  the  committee 
deaire  to  subelttiite  for  those  contaioed  in  a  previous  report 
of  date  July,  1891,  with  the  view  of  obtaiuing  international 
agreement   ae,  to  Electrical  Standards)  : — 


(1)  "  TliHt  it  is  deBirablo  tliat  new  denominations  of  stan- 
dards for  the  measurpinent  of  eleclricity  should  be 
made  and  approved  by  Her  Majesty  in  Counitil  oa 
Board  of  Trade  standards. 

"That  the  magnitudes  of  these  standards  sliould  be 
determined  on  the  electromagnetic  system  of 
measurement  with  reference  to  the  centimetre  as 
unit  of  length,  the  gramme  as  unit  of  mass,  and 
the  second  as  unit  of  time,  and  that  by  the  terms 
centimetre  and  gianimeure  meant  the  stand  a  nls  of 
tliose  denominatione  deposited  wilh  the  Board  of 
Trade. 

(3)  "  That  the  standard  of  electrical  resistance  should  be 
denominated  the  ohm,  and  «houId  have  the  value 
1,000,000,000  in    tern.e    of  th«    centimetre  and 

second, 

{i)  "  That  the  resistance  offered  to  an  unvarying  electric 
current  by  a  coluninof  mercury  at  the  temperature 
of  melting  ice,  14-4521  grammes  in  mass,  of  a  con- 
stant cross  sectronal  area,  and  of  a  length  of  106:1 
ceptimetres,  may  be  adopted  as  one  ohm. 


"  Tlial  a  material  standard,  constructed  In  soliil  melnl, 
nliuuld  be  adopted  as  the  elnndard  olim,  and  slionM 
from  lime  to  time  be  verified  by  coiDparison  wilh 
a  column  of  roercury  of  known  dimensions. 

"That  for  the  purpose  of  replacing  tlie  BtnndHrd,  il 
lost,  dealroyed,  or  dsmaged,  or  for  otdinaty  uee,  i 
limited  number  of  copies  alioiild  be  coiistruiittd 
wliicb  should  be  peiiodicully  compared  with  the 
elaudurd  oUn, 

"Tliat  resistaDcescunstnicled  in  solid  metal  s'lOnld  be 
Bdot.>ted  aa  Board  cif  Trade  standards  for  multiplts 
and  Bubmultiplea  of  tlie  ohm. 

"That  the  value  of  tlie  standard  of  resistance  con- 
structed by  a  Committee  of  the  ilritiah  Aasocialiiin 
for  the  Advancement  of  Science  in  the  yeara  IB63 
and  1864,  and  known  as  the  British  Association 
unit,  may  be  taken  as  '9B66  of  the  ohm, 

(U)  "That  tlie  ilnndurd  of  electrical  current  ahonld  be 
denominated  the  ampere,  anil  should  have  ihe  value 
one- tenth  (&l)  in  tenus  of  the  centimetre,  gramme, 


"  Tlinl  an  unvarying  current  which,  when  paaaed 
through  a  aolution  <if  nitrate  of  eilver  in  water,  in 
accordance  with  the  specification  atliiched  to  this 
report,  deposits  eilver  at  the  rate  of  O'OOlltS  of  a 
gramme  per  second,  may  be  taken  as  a  current  of 
one  ampere,* 

"  That  an  alternating  current  of  one  ampere  shall  niean 
a  current  such  that  the  square  root  of  the  time- 
average  of  the  square  of  its  strength  at  each  instant 
in  amperes  is  unity. 

"TliBt  instrument!  constructed  on  the  principle  of  llie 
balance,  in  which,  by  tiie  proper  disposition  of  the 
conductors,  forces  of  attraction  and  repulsion  are 
produced,  which  depend  upon  the  amount  of  cur- 


ront  paasin^,  and  are  balanced  by  known  weightn, 
should  be  adopted  uu  Ihe  Bourd  of  Trade  Htandards 
for  ihe  meaBuieiaeiit  of  current  whetiier  unvarying 
or  oltBrimting. 

"  That  the  standard  of  electrical  presBure  shnuld  be 
denotninated  the  vol),  being  the  pressure  which,  if 
Bteadily  applied  to  a  conductor  whose  reeiatance 
is  one  ohm,  will  produce  a  current  of  one  ampere. 

"That  tba  electrical  preneure  at  a  temperature  of  15° 
centigrade  between  the  polos  or  electrodes  of  the 
voltaic  cell  known  as  Clark's  cell,  prepared  in 
accordance  with  the  speci&cstion  attached  to  this 
report,  may  he  taken  as  not  differing  from  a  pres- 
sure of  1-434  voltB,  by  more  than  one  part  in  1000* 


"  That  an  alternating  predsnre  of  one 
a  pressure  Buch  tliat  the  square  n 
average  of  the  square  of  its  value 
in  volta  is  unity. 


olt  shall  mean 
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iple  of 


"That  instruments  constructed  on  the  principle 
Lord  Kelvin's  quadrant  electrometer  used  idio- 
statically,  and,  for  hieh-preHsures,  inatrurnenta  on 
the  principle  of  the  lialance,  electrostatio  forces 
being  balanced  against  a  known  weight,  should  be 
adopted  us  Board  of  Trade  standards  fur  ihe  mea- 
surement   of    pressure,    whether    unvarying     or 
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